
INFORMATION TO USERS

This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted.

The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction.

1. The sign or “ target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity.

2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a 
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in “sectioning” 
the material. It is customary to begin filming at the upper left hand comer 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is. continued again-beginning 
below the first row and continuing on until complete.

4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department.

5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy.

University 
Microfilms 

International
300 N. ZEEB ROAD. ANN ARBOR, Ml 48106 
18 BEDFORD ROW, LONDON WC1R 4EJ, ENGLAND



7913150

MERMELSTEIN, MARC DAVID
LIGHT SCATTERING INVESTIGATIONS OP THE 
CENTRAL PEAK AT THE FERROELECTRIC TRANSITION 
IN POTASSIUM DIHYDROGEN-PHOSPHATE.

CITY UNIVERSITY OF NEW YORK* P H .D .*  1979

University.
Microfilms

International 30 0  N t i l  B HOA D, A N N  A R B O R . Ml 4 8 106



LIGHT SCATTERING INVESTIGATIONS OF THE 

CENTRAL PEAK 

AT THE FERROELECTRIC TRANSITION IN KH2 P04

BY

MARC DAVID MERMELSTEIN

A d i s s e r t a t i o n  submitted to  the  Graduate 
Faculty in Physics in p a r t i a l  fu llment of  
the requirements fo r  the  degree of  Doctor 
o f  Philosophy, The City Univers i ty  o f  

New York.

1979

( i )



This m anuscrip t has been road and accepted  f o r  th e  Graduate 
f a c u l t y  in  P h y s ics  in  s a t i s f a c t i o n  of th e  d i s s e r t a t i o n  
requ irem ent f o r  th e  degree of Doctor o f P h ilosophy .

£ ! ? 7 ?
d a t e n in in o  C orrr.itt e e

SD
a a te hnecutxve T J f f i c e r

^  S^*n<ar*V!S u p erv iso ry  Commit ts 'e -

The C ity  U n iv e r s i ty  o f  Kevj York 

( 1 1 )



DEDICATION

I ded ica te  t h i s  e f f o r t ,  and 
the  good t h a t  i t  r e p re se n t s ,  
to  n\y mother and f a th e r  with 

love .

(111)



ACKNOWLEDGEMENTS

I express my g r a t i t u d e  to Professor  Herman Cummins fo r  
providing me with the  opportun i ty  and guidance to  complete 
t h i s  work. Furthermore,  I thank a l l  the  members o f  the  
l i g h t  s c a t t e r i n g  group f o r  t h e i r  f r i en d sh ip  and a s s i s t a n c e .  
In p a r t i c u l a r ,  I am g ra te fu l  to  Dr. N. Lagakos and Dr. R. 
Bruce f o r  t h e i r  a s s i s t a n c e  in the  l abo ra to ry  during the  
e a r ly  por t ions  of  t h i s  re sea rch ,  Mr. S.C. Hung fo r  h is  
c o n t r ib u t io n s  to  the  experimental r e s u l t s  presented  he re ,  
and to  Mrs. Francis T r i t t  fo r  typ ing  por t ions  o f  t h i s  
manuscript .

Moreover, I express a spec ia l  a f f e c t io n  to  Fran Trottman 
whose f r i en d sh ip  and unders tanding made t h i s  achievement 
p oss ib le .



TABLE OF CONTENTS

Chapter Page

I.  In t roduc t ion ................................................................................................  1
I I .  His to ry  o f  the  Central  Peak

An Experimental and Theore tica l  Review ..........................................  3

A. In t roduct ion  .......................................................................  3

B. Experimental Review .......................................................  3

1) Neutron S c a t t e r in g  ...................................  3

2) Light S c a t t e r in g  .......................................  9

3) Magnetic Resonance ................................... 15

4) Miscellaneous Techniques ....................... 16

C. Theore tica l  Review .......................................................... 17

1) I n t r i n s i c  Theor ies .....................................  17

(a) Anharmonic Phonon Models . . .  17

(b) Thermodynamic Models .................. 21

(c) E x p l i c i t  Non-Linear Models. . . 22

2) E x t r in s ic  Theories ...................................  23

I I I .  Theories o f  the  F e r r o e l e c t r i c  Phase
Tran s i t io n  in KDP............................................................................................ 26

A. I n t r o d u c t i o n ........................................................................26

B. S t ru c tu ra l  C h a r a c t e r i s t i c s  ......................................  26

C. Microscopic Models .......................................................... 28

1) Dipole Moments and Long
Range E l e c t r o s t a t i c  Forces .................. 28

2) S l a t e r ' s  S t a t i s t i c a l  Theory
- - S h o r t  Range Forces ................................. 29

(v )



3) Proton Tunnelling
— Isotope  E f f e c t ................................................... 30

4) Pseudospin Model ..............................................  32

5) Proton-Phonon Coupling .................................  34

D. Thermodynamic Theory ...........................................................  34

1) I n t r o d u c t i o n .......................................................... 34

2) Equi librium P roper t ie s  .................................  37

(a) T rans i t ion  Temperature ......................  37

(b) Spontaneous P o la r i za t io n  .................  39

(c) E l e c t r i c  F ie ld  E f fec ts  .................. 39

(d) C r i t i c a l  Point a t  Ambient
P r e s s u r e ....................................................... 41

(e) Thermodynamic Response Function . .  48

(1) Free Isothermal
D i e l e c t r i c  S u s c e p t i b i l i t y  . .  48

(2) c !bT: Isothermal E la s t i c
C o n s t a n t ............................. 49

(3) C ~ S: Adiabat ic  E l a s t i c
C o n s t a n t ............................. 49

(4) pa , E : P y r o e le c t r i c
S u s c e p t i b i l i t y  . . . .  52

(5) Thermal D i la t a t io n  
C o e f f i c i e n t ....................................55

(6 ) Excess Spec if ic  Heat . . . .  55

E. C o n c l u s i o n .................................................................................... 56

IV. Light S c a t t e r in g  Theory .............................................................................. 57

A. Sca t te red  E l e c t r i c  F ie ld  ................................................  57

B. I n t e n s i t y  Spectrum .............................................................  58

C. In teg ra ted  I n t e n s i t y  ...........................................................  59

( v i )



V. Experimental C o n s id e r a tio n s  ...........................................................................  61

A. Optical  L a y o u t ....................................................................... 61

(1) O v e rv iew ............................................................. 61

(2) L a s e r s ................................................................. 63

(3) I n t e r f e r o m e t e r s ............................................ 65

(a) General Descrip tion ........................  65

(b) Optical  L a y o u t ......................................65

(c) T h ro u g h p u ts ............................................ 67

B. Thermal Considera tions  ....................................................  67

(1) D e w a r ....................................................................69

(2) Temperature Control ................................... 69

(3) Temperature Measurement ..........................  70

(4) Sample C e l l .......................................................70

(5) Laser Heating of  the  Focal Volume . . 71

C. M a t e r i a l s ...................................................................................71

VI. S t a t i c  Central  Peak -  Experiment and I n t e r p r e t a t i o n  .....................  76

A. E x p e r im en t ................................................................................76

1) Experimental Set-up .....................................  76

2) Data R e d u c t i o n ...................................................76

3) B r i l lo u in  Lineshape ................................... 77

4) C u r v e - f i t t i n g  Procedure ..........................  78

B. Experimental Results  .......................................................  78

1) Temperature Dependence ..............................  78

2) E l e c t r i c  F ie ld  Dependence ........................  80

3) Sample Dependence .........................................  82

( v i i )



C. I n t e r p r e t a t i o n ............................................................................ 82

1) Axe Model..................................................................82

(a) Temperature Dependence.......................85

(b) E l e c t r i c  F ie ld  Dependence................ 8 6

2) Non-Linear Axe Model.......................................... 8 6

(a) E l a s t i c  P o ten t ia l  Energy..................... 8 6

(b) E f fec t ive  E l a s t i c  Constant .................8 8

D. Conclusion.....................................................................................89

VII. Dynamic Central Peak-Experiment........................................................... 91

A. In t ro d u c t io n ................................................................................ 91

B. Experiment.....................................................................................91

1) General Procedure.................................................91

2) Data Reduction....................................................... 91

3) Temperature Dependence o f  the  DCP 
I n t e n s i t y  and Linewidth....................................93

(a) Procedure..................................................... 93

(b) I n t e n s i t y ..................................................... 94

(c) Re la t ive  I n t e n s i ty  o f  the  DCP
and Xy Shear Mode....................................95

(d) DCP Linewidth............................................ 99

4) E l e c t r i c  F ie ld  Dependence................................99

C. Conclusion...................................................................................101

VIII .  Dynamic Central  P e a k - I n t e r p r e t a t i o n .............................................. 104

A. In t ro d u c t io n ...............................................................................104

( v i i i )



B. I n t e n s i ty  A na lys is .......................................................................... 104

1) DCP I n t e n s i t y ,  E=0..................................................... 104

2) Rela t ive  I n t e n s i t i e s  o f  the  DCP and
Xy Shear Mode................................................................ 109

3) E l e c t r i c  F ie ld  Dependence to the
DCP I n t e n s i t y ................................................................ I l l

C. Coupled Mode A na lys is ................................................................... 112

1) Linewidth Renormal iza tion...................................... 112

(a) Second Order T r a n s i t i o n ........................... 114

(b) F i r s t  Order T r a n s i t i o n ............................. 114

2) E l e c t r i c  F ie ld  E f fec ts  and Linewidth 

Renormal i z a t i  on............................................................115

3) Thermal Dif fusion  Mode Relaxation Time 117

D. Conclusion........................................................................................... 120

IX. Conclusion............................................................................................................... 121

X. Appendix...................................................................................................................... 123

A. Laser H eat ing .E ffec ts  . I ............................................................... 123

B. Thermodynamic Paramete rs .............................................................136

( i x  )



L i s t  o f  Tables

Table Page

V-I M a te r i a l s .................................................................... 75

VII-I  R ela t ive  I n t e n s i t i e s  of the  DCP
and T.A. Phonon-Experimental R esu l t ............... 99

V II I - I  Thermodynamic P red ic t ion  o f  the  
Rela t ive  I n t e n s i t i e s  of  the  DCP 
and T.A. Phonon and Experimental
R esu l t .........................................................................110

V-III  Thermal D i f f u s i v i t y ,  thermal d i f fu s io n
mode r e lax a t io n  t ime,  and thermal 
d i f f u s io n  mode linewidth(FWHM).....................118

B-I S pec i f ic  Heat in the  V ic in i ty  of
the  T rans i t ion  Temperature..............................138

( * >



L i s t  o f  I l l u s t r a t i o n s

F igure Page

I I - l  Neutron S c a t te r in g  Spectrum o f  Central
Peak in SrTiO^j F i r s t  Observation .....................5

I I I - l  Room Temperature Atomic S t ruc tu re
o f  KDP............................................................................ 27

I I 1-2 Double Well P o ten t ia l  o f  Hydrogen Bond
and E igens ta tes  o f  Tunnell ing Proton............ 31

111-3 Pseudospin Proton Model......................................... 33

111-4 F e r r o e l e c t r i c  Sof t  Mode Eigenvector ............... 35

111-5 Helmholtz Free Energy Near T£ ............................ 38

111- 6  Spontaneous P o l a r i z a t i o n .......................................40

I I 1-7 Temperature Dependence o f  the  P o la r i za t io n
a t  Non-Zero E l e c t r i c  F ie lds  near T ............42c

I I 1-8 E l e c t r i c  F ie ld  Dependence of  the
P o la r i z a t io n  a t  Constant Temperature
near T .......................................................................... 43c

I I 1-9 S in g u la r i ty  o f  the  S t a t i c  S u s c e p t i b i l i t y
a t  the  C r i t i c a l  P o in t ............................................ 45

111-10 Phase Diagram o f  F i r s t  Order F e r r o e l e c t r i c
a t  Atmospheric P re s su re ........................................47

I I I - l l  Free Isothermal D ie l e c t r i c  S u s c e p t i b i l i t y . 50

111-12 Isothermal E l a s t i c  Constant .................................51

111-13 Adiabat ic  E l a s t i c  Constant ...................................53

111-14 P y r o e le c t r i c  S u s c e p t i b i l i t y ................................ 54

I I I - 15 E l e c t r i c  F ie ld  Dependence o f  the
P y r o e le c t r i c  S u s c e p t i b i l i t y ............................... 55a

( x i  )



Figure Page

IV-1 S c a t t e r in g  Geometry fo r  Light S c a t te r in g
Experiment....................................................................................... 57

V-l Optical  Layout................................................................................ 62

V-2 Laser Line J i t t e r . . ..................................................................... 6 6

V-3 Spherica l  Fabry P e ro t ................................................................. 6 8

V-4 Mounting o f  Sample Cell Windows........................................... 72

V-5 Temperature Con tro l l ing  Apparatus ....................................... 73

VI-1 In teg ra ted  I n t e n s i t i e s  o f  B r i l lo u in  Spectrum
Components and SCP...................................................................... 79

VI-2 SCP E l e c t r i c  F ie ld  Dependence................................................81

VI-3 In teg ra ted  I n t e n s i t i e s  o f  T.A. Phonon fo r
KDP13 and KDP5...............................................................................83

VI-4 Sample Dependence of  SCP In teg ra ted  I n t e n s i t i e s  84

VI-5 SCP I n t e n s i ty  Temperature Dependence.................................87

VII-1 DCP In tens i ty ,E = 0 ..........................................................................94

VII-2 T.A. In tens ity ,T<Tc ......................................................................96

VI1-3 Combined SCP and DCP I n t e n s i t y ..............................................97

VI1-4 Rela t ive  In teg ra ted  I n t e n s i t i e s  o f  SCP and DCP........... 98

VI1-5 DCP Linewidth.................................................................................100

VII-6  In teg ra ted  In te n s i ty  o f  DCP f o r  T T in Presence
o f  Applied E l e c t r i c  F i e ld .....................   102

VIII -1  Temperature Dependence o f  Optical  D ie l e c t r i c
Constant ..........................................................................................107

VII1-2 Thermodynamic Pred ic t ion  o f  DCP I n t e n s i t y  fo r
E=0 and Experimental R es u l t s ............................................... 108

VII1-3 Thermal Diffusion  P red ic t ion  fo r  Temperature
Dependence of  DCP Linewidth and Experimental 
R es u l t s ............................................................................................ 119

( x i i )



Figure Page

A-l Model fo r  Laser Heating C a lc u la t io n ........................................... 125

A-2 Laser I n t e n s i ty  P r o f i l e ..................................................................... 126

A-3 Heat Flux....................................................................................................129

A-4 Temperature P r o f i l e .............................................................................. 130

A-5 Trans i t ion  Temperature as a Function of  Laser Power 133

B-l Index of  Refract ion and Temperature Dependence o f
the  Index o f  R e f ra c t io n .................................................................... 136

B-2 S pec i f ic  Heat in the  V ic in i ty  of the  T r a n s i t i o n .................. 138

B-3 Thermal Conduct iv ity  in the  V ic in i ty  of  the  T r a n s i t i o n . 139

( x i i i )



1

I .  In t roduc t ion
1  2Since the  i n i t i a l  d iscovery  in 1971 by R is t e  e t .  a l .  o f  a cen­

t r a l  peak in t h e  neutron s c a t t e r i n g  spectrum o f  SrTiO^, an ex ten s iv e  

amount o f  exper imental  and t h e o r e t i c a l  re sea rch  has been devoted to  under­

s tand ing  i t s  o r i g i n .  In our l a b o ra to ry  an unreso lvab le  c e n t r a l  peak in

th e  l i g h t  s c a t t e r i n g  spectrum of  p a r a e l e c t r i c  KHgPO  ̂ was observed by
3 4Lagakos and Cummins in 1974. * In the  course o f  performing high 

r e s o l u t i o n  i n t e r f e r o m e t r i c  i n v e s t i g a t i o n s  o f  t h i s  c en t r a l  peak, a new 

more i n t e r e s t i n g  dynamic c e n t r a l  peak o f  width ^  50MHz was found in the  

f e r r o e l e c t r i c  phase w i th in  . 1°K o f  the  t r a n s i t i o n .  We i n t e r p r e t  t h i s  f e a ­

t u r e  as a r i s i n g  from the  coupling o f  the  f e r r o e l e c t r i c  s o f t  mode to  the  

thermal d i f f u s io n  mode in th e  f e r r o e l e c t r i c  (but not in the  p a r a e l e c t r i c )  

phase through the  tempera ture  dependence o f  the  o rde r  pa ram ete r ,  the

spontaneous p o l a r i z a t i o n  P3 CO. A p re l im ina ry  r e p o r t  o f  t h i s  observa t ion
5

was publi shed  in  1977. Since t h a t  t im e ,  more e x ten s iv e  measurements o f  

the  tempera ture  and e l e c t r i c  f i e l d  dependence o f  t h i s  dynamic c e n t r a l  

p eak ' s  i n t e n s i t y  and l inew id th  were performed and a re  rep o r ted  in t h i s  

t h e s i s .  The tempera ture  and e l e c t r i c  f i e l d  dependence o f  the  i n t e n s i t y  

agree  well with the  p r e d i c t i o n s  o f  thermodynamic f l u c t u a t i o n  th eo ry ,  

while  th e  l inewid th  measurements a re  in good agreement with the  p r e d i c ­

t i o n s  o f  a coupled-mode a n a ly s i s .

In the  fo llowing ch ap te r  an exper imental  and t h e o r e t i c a l  review is  

given o f  the  ' c en t ra l  peak phenomena' beginning with R i s t e ' s  f i r s t  observa­

t i o n .  Chapter I I I  ske tches  the  t h e o r i e s  o f  the  f e r r o e l e c t r i c  phase t r a n ­

s i t i o n  occur ing in KHgPO^. Computer s im ula t ions  o f  the  thermodynamic 

th eory  were performed t o  f a c i l i t a t e  a comparison with the  experimental  r e ­

s u l t s  o f  t h i s  t h e s i s .  Express ions f o r  the  l i g h t  s c a t t e r i n g  spectrum and
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i n t e g r a t e d  i n t e n s i t i e s  a re  c o n s t r u c t e d ,  in Chapter IV, from th e  c l a s s i c a l  

theory .  Chapter V d i s cu s se s  th e  exper imenta l  appara tu s  and c o n s id e ra t io n s  

p a r t i c u l a r  t o  th e se  exper im ents .  New exper imental  r e s u l t s  and i n t e r p r e ­

t a t i o n s  concern ing the  c e n t r a l  peak in p a r a e l e c t r i c  KDP a re  p re sen ted  in 

Chapter VI. The new exper imental  r e s u l t s  c h a r a c t e r i s i n g  th e  dynamic cen­

t r a l  peak a re  given in Chapter VII.  These inc lude  more ex ten s iv e  measure­

ments o f  th e  dynamic c e n t r a l  peak i n t e n s i t y  and l inew id th  temperature  de­

pendence. I t  has been found t h a t  the  a p p l i c a t i o n  o f  an e l e c t r i c  f i e l d  

permits  th e  obse rva t ion  o f  the  dynamic c e n t r a l  peak in the p a r a e l e c t r i c  

phase.  A pronounced e l e c t r i c  f i e l d  e f f e c t  in the  i n t e n s i t y  i s  rep o r ted .  

These exper imenta l  r e s u l t s  a re  subsequent ly  i n t e r p r e t t e d  in the  fo llowing 

ch ap te r .  Chapter IX i s  the  concluding c h a p te r  which summarizes the  r e s u l t s  

o f  t h i s  t h e s i s  work and p o in t s  the  way to  f u tu r e  exper im en ta t ion .
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I I .  H is to ry  o f  the  Centra l  Peak

An Experimental and Theore t ica l  Review

A. In t roduc t ion

In t h i s  c h a p te r  I w i l l  p r e s e n t  an exper imental  and t h e o r e t i c a l  r e ­

view o f  th e  c e n t r a l  peak phenomena. By c en t r a l  peak I mean a q u a s i e l a s t i c  

o r  e l a s t i c  component in the  o rd e r  paramete r  f l u c tu a t io n . s p e c t r u m  t h a t  occurs  

in the  v i c i n i t y  o f  a s t r u c t u r a l  phase t r a n s i t i o n .  The s t r e n g t h  o f  a cen­

t r a l  peak w i l l  d ive rge  as  the  t r a n s i t i o n  i s  approached and i t s  l inew id th  

w i l l  dec rease .  Furthermore,  th e  presence  o f  t h i s  low frequency s t r u c t u r e  

w i l l  a f f e c t  the  response o f  the  s o f t  mode t h a t  d r iv e s  the  t r a n s i t i o n .

This experimental  review i s  focused p r im a r i ly  on neutron s c a t t e r i n g ,  

l i g h t  s c a t t e r i n g ,  and magnetic resonance te chn iques .  Other  exper imenta l  

techn iques  a r e  b r i e f l y  mentioned. The t h e o r e t i c a l  review i s  d iv ided in to  

c e n t r a l  peaks o r i g i n a t i n g  from some i n t r i n s i c  p ro p e r ty  o f  th e  c r y s t a l  

and those  due to  an e x t r i n s i c  mechanism such as l a t t i c e  d e f e c t s .  I n t r i n s i c  

th e o r i e s  proceed from anharmonic phonon models,  thermodynamic models,  and 

e x p l i c i t  n o n - l i n e a r  models. E x t r i n s i c  d e f e c t  models can be c l a s s i f i e d  

e i t h e r  by t h e i r  s t a t i c /d y n a m ic  c h a r a c t e r  or  t h e i r  symmetry breaking p rope r ­

t i e s .  A r e c e n t  experimenta l  and t h e o r e t i c a l  review o f  c e n t r a l  peaks has 

been publi shed  by Blinc .  ®

B. Experimental Review

1) Neutron S c a t t e r in g
1  2

In 1971 R is te  e t  a l .  * r epo r ted  th e  f i r s t  o b se rva t ion  o f  a c en t r a l  

peak in the  neutron s c a t t e r i n g  spectrum o f  SrTi0 3  in the  region o f  the
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105°K s t r u c t u r a l  phase t r a n s i t i o n .  This phase t r a n s i t i o n  i s  dr iven  by 

the  s o f t  o p t i c  mode a t  the  zone-corner  R p o in t .  Energy scans  o f  i n e l a s t i c -  

a l l y  s c a t t e r e d  neu trons  a t  t h r e e  tem pera tu res  j u s t  above the  t r a n s i t i o n  

temperature  a re  shown in f i g u r e  1 , reproduced from re fe ren ce  ( 1 ).

As T i s  approached from above, the  s o f t  mode phonon energy de- 

c r e a s e s ,  the  phonon l inew id th  i n c r e a s e s ,  and the  i n t e n s i t y  o f  the  c e n t r a l  

peak in c re a s e s .  These scans demonst ra te  the  e x i s t e n c e  o f  a c e n t r a l  peak 

in a d d i t io n  to  the  s o f t  mode a s s o c ia te d  with the  s t r u c t u r a l  t r a n s i t i o n .  

However, R is t e  e t .  a l .  were not ab le  to  e s t a b l i s h  an energy width to  t h i s  

s p e c t r a l  f e a t u r e  and the reby  e s t a b l i s h  i t s  dynamic na tu re  (a l though they 

c on jec tu red  t h a t  they  were observing a c e n t r a l  peak a s s o c i a t e d  with heat 

d i f f u s i o n ) .

Subsequently ,  Shirane and Axe d iscovered  a s i m i l a r  c e n t r a l  peak 

in the  neutron s c a t t e r i n g  spectrum o f  the  high temperature  superconductor 

NbgSn. At th e  t r a n s i t i o n  temperature  "1^=45°K the  c r y s t a l  s t r u c t u r e  changes 

from cubic  to  a s l i g h t l y  d i s t o r t e d  t e t r a g o n a l  form. This t r a n s i t i o n  i s  

c h a r a c t e r i z e d  by s o f t e n in g  o f  an a cc o u s t i c  shear  mode. Sh irane  and Axe 

found t h a t  upon cool ing  towards the  t r a n s i t i o n  th e  c e n t r a l  peak continued 

to  grow in i n t e n s i t y  while the  s o f t  a c o u s t i c  s id e  bands f i r s t  so f tened  

and then s a t u r a t e d ,  remaining as d i s t i n c t  shoulders  on the  main c e n t r a l  

peak. The i n t e n s i t y  o f  t h i s  c e n t r a l  peak e x h ib i t e d  a s t rong  wave v ec to r  

dependence but no observab le  i n t r i n s i c  energy width .

A phenomenological sp e c t r a l  d e n s i t y  func t ion  c h a r a c t e r i z i n g  c e n t r a l  

peak fo rm at ion ,  proposed by Shirane and Axe, can be ob ta ined  by c ons ide r ing  

the  frequency dependent p a r t  o f  the  one-phonon neutron s c a t t e r i n g  c ro s s

s e c t io n :  kBT
( 1 )  S ( io )  = Im [ oj  ̂ -  oj2 -  i w r ] ” 1
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where ^  i s  a temperature-dependent quasi -harmonic  frequency and r i s  the  

phonon damping c o e f f i c i e n t .  Usually  r  i s  taken to  be a f requency- indepen­

den t  c o n s ta n t .  However, in general  r wil l  have a frequency dependence 

which r e f l e c t s  the  changing d e n s i ty  o f  e x c i t a t i o n s  with which the  s o f t  

phonon can i n t e r a c t .  I f  th e  f requency dependence o f  r i s  assumed to  be 

o f  the  form:

( 2 ) r(oj) = r Q + <s2 (y- iw) ^

then i n s e r t i o n  o f  the  equation  (2 ) i n to  ( 1 ) y i e l d s  the  fo llowing sp ec t ra l
k Td e n s i t y  func t ion  B [ r  + 62y ]
Hi ° oĵ  + y2"

(3) S(oj) =

(„2 .  Shi „2)2  + (r + J h — )2
® 2 * i 2  0  2 x 2to +  o 4 +  y

where u 2  -  uj2  + <s2 * i * r e p r e s e n t s  the  coupling  o f  the  s o f t  mode t o  some 
oo ©

u n sp ec i f i e d  degree o f  freedom while and w r e p re se n t  the  high and low
CO 0

frequency response ,  r e s p e c t i v e l y ,  o f  t h e  s o f t  mode. Equation (3) p ro ­

duces the  th r e e  peaked l ineshape  c h a r a c t e r i z i n g  c e n t r a l  peak o b se rv a t io n s .  

This sp e c t r a l  d e n s i t y  func t ion  w i l l  be d iscussed  in more d e t a i l  in the  

t h e o r e t i c a l  s e c t io n  o f  t h i s  review.

Shirane and Axe measured the  r a t i o  o f  the  q u a s i e l a s t i c  neutron 

s c a t t e r i n g  c ross  s ec t io n  to  the  t o t a l  s c a t t e r i n g  c ro s s  s ec t io n  as well as 

th e  s o f t  mode frequency .  This d a t a ,  along with  the  consequences o f  the  

phenomenological s p e c t r a l  d e n s i ty  func t ion  ( 3 ) ,  lead  to  an experimenta l  e s ­

t im a te  f o r  the  coupling c o e f f i c i e n t  5 f o r  NbjSn, o f  6 = 0.14 ± 0.04meV. 

Knowing 5,  equation  (3) can p r e d i c t  th e  r e l a t i o n  between the  c en t r a l  peak
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i n t e g ra te d  i n t e n s i t y  and the s o f t  mode frequency which can be compared 

to  exper iment .  The agreement with experiment was found to  be q u i t e  s a t i s ­

f a c to ry .  An independent e s t im a te  o f  6  * ( ^ , 2  _ u 2  ^  was made. Values f o r
00 Q

■u  were ob ta ined  from t h e  neutron s c a t t e r i n g  experiment (high frequency probe)oo
and values  f o r  were taken from u l t r a s o n i c  measurements (low frequency probe).  

This e s t im a te  y ie ld e d  6 = 0.012meV which compares q u i te  well with the  e s t i m a te  

from the  neutron spectrum.

Although severa l  p re d i c t i o n s  o f  t h i s  phenomenological theo ry  compare 

q u i t e  well with exper iment ,  the  r e l a x a t i o n  process  t h a t  con t r ibu te s ,  a f r e ­

quency dependence to  the  phonon damping has not been i d e n t i f i e d .  Moreover, 

t h e r e  i s  no dynamical evidence t h a t  such a process  e x i s t s  a t  a l l ,  i . e .  

t h e re  i s  no measurable  energy width to  t h i s  c e n t r a l  peak.

More ex ten s iv e  neutron s c a t t e r i n g  s tu d i e s  were made o f  t h i s  c e n t r a l  

peak in SrTiO^ and a s i m i l a r  f e a t u r e  was d iscovered  in KMnF3  by Shapiro e t
g

a l .  Although these  exper iments  were performed with  h ig h e r  energy r e s o l ­

u t ion  than t h a t  o f  previous  neutron exper iments ,  no energy width was de-
9

te c t e d .  Topler e t .  d l .  performed f u r t h e r  neutron s c a t t e r i n g  e x p e r i ­

ments on SrTiOg with h ighe r  energy r e s o lu t io n  than previous  experiments  and 

were unable t o  d e t e c t  an energy width to  t h i s  c e n t r a l  peak. They measured 

an exper imental  upper l i m i t  to  t h e  energy width o f  0.08 ueV.

The experiments on Nb^ Sn were extended by J .  D. Axe and Shirane ^  

in 1973. They i n t e r p r e t t e d  t h e i r  exper iments in  terms o f  th e  phenomen­

o lo g ic a l  theory  which assumes an a d d i t i o n a l  low-frequency r e l a x a t i o n  

mechanism fo r  t h e  s o f t  a co u s t i c  phonon. They were again unable t o  d e t e c t  

an energy width t o  the  c e n t r a l  peak. I t  i s  o f  i n t e r e s t  t o  note  (with 

r e s p e c t  to  t h i s  p r e s en t  work) t h a t  Axe and Shirane poin t  ou t  t h a t  f o r  d i s -
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p la c iv e  t r a n s f o rm a t io n s ,  the  coupl ing cons tan t  in the  Rayleigh s c a t t e r i n g  c ross
rl

s ec t io n  w i l l  be p ropo r t iona l  to  ( ^ )  where h i s  the  a p p r o p r i a t e  o rd e r  

paramete r f o r  the  t r ans fo rm a t ion  and could produce a c e n t r a l  peak. How­

e v e r ,  such a coupling mechanism cannot account f o r  a c e n t r a l  peak in the  

high temperature  phase where n = 0. Fur thermore ,  i t  i s  po in ted  ou t  t h a t  

because no energy width to  the  c e n t r a l  peak has been d e t e c te d  i t  i s  

worthwhile  to  c o n s id e r  p o s s ib le  s t a t i c  mechanisms t o  ex p la in  the  presence  

o f  a h igh ly  temperature  dependent,  un reso lvab le  c e n t r a l  component in 

the  neutron  s c a t t e r i n g  spectrum. Axe and Shirane proposed a s p e c i f i c  

s t a t i c  d e f e c t  mechanism t h a t  w i l l  be d iscussed  in th e  t h e o r e t i c a l  s e c t io n .

Neutron s c a t t e r i n g  measurements in the  v i c i n i t y  o f  the  f e r r o e l e c ­

t r i c  t r a n s i t i o n  (as well as f a r  i n to  the  f e r r o e l e c t r i c  phase) o f  Pb^Ge^O 

( lead  germanate) were performed by Cowley e t .  a l .  ** They observed ,  near  

T , a broad overdamped s o f t  mode and a c e n t r a l  peak whose energy width 

corresponded to  t h e i r  ins t rumenta l  r e s o lu t io n  o f  0.11 meV. Both o f  

t h e se  f e a t u r e s  a re  l i t t l e  a f f e c t e d  by e l e c t r i c  f i e l d s  up to  3300 v/cm.

In a d d i t io n  to  t h e  s o f t  mode and the  c e n t r a l  peak appear ing  near  the  

t r a n s i t i o n ,  t h e r e  i s  a q u a s i e l a s t i c  component f a r  below Tc which in c re a se s  

in  i n t e n s i t y  roughly  as T -  T and which i s  l a r g e l y  suppressed by anI*
ap p l ied  e l e c t r i c  f i e l d .  Cowley e t .  a l .  propose t h a t  t h i s  f e a t u r e  i s  a s ­

s o c i a t e d  with the  s t a t i c  domain s t r u c t u r e  and t h a t  the  c e n t r a l  peak, whose 

i n t e n s i t y  peaks nea r  T , i s  caused by dynamic domain motion.
v

As a fol low-up on th e  sugges t ion  by Axe and Shirane  1 0  t h a t  t h i s

q u a s i e l a s t i c  f e a t u r e  may be due t o  de fec t - induced  s t a t e  s t r a i n  f i e l d s  (and
1?a l a t e r  re f inement  o f  t h i s  proposal by Halperin and Varma ) ,  Hast ings e t .

13a l .  performed a neutron s c a t t e r i n g  experiment on a s e r i e s  o f  SrTi0 3
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c r y s t a l s  with known d e f e c t  c o n c e n t r a t io n s .  They found a sy s tem a t ic  enhance­

ment o f  th e  c en t r a l  peak i n t e n s i t y  with in c re a s in g  d e f e c t  c o n c e n t r a t io n s .  

Furthermore they found Tc t o  decrease  with i n c re a s in g  d e fe c t  c o n ce n t r a t i o n ,  

in agreement with the  frozen d e f e c t  model o f  Hal pe r in  and Varma. Hast ings  

e t  a l .  proposed t h a t  d e fe c t s  can enhance the  observed c e n t r a l  peak occur ing 

n ea r  a s t r u c t u r a l  phase t r a n s i t i o n .  However, i t  i s  po in ted  ou t  t h a t  these  

r e s u l t s  do not demonst rate  t h a t  the  c e n t r a l  peak r e s u l t s  s o l e l y  from 

de fe c t  mechanisms.

In summary, the  neutron s c a t t e r i n g  work has been success fu l  in de­

t e c t i n g  c e n t r a l  peaks in a number o f  m a te r i a l s  undergoing s t r u c t u r a l  

phase t r a n s i t i o n s ,  sugges t ing  the  presence  o f  a q u a s i e l e c t r i c  o r  e l a s t i c  

s t r u c t u r e  in the  o rde r  parameter f l u c t u a t i o n  spectrum. No neutron s c a t ­

t e r i n g  experiment has been ab le  to  e s t a b l i s h  an energy l inew id th  to  the  

c e n t r a l  peak and the reby  provide  c r u c i a l  evidence f o r  dynamic c en t r a l  

peak formation .  Light s c a t t e r i n g  is  an exper imenta l  techn ique  t h a t  p ro­

v ides  g r e a t e r  r e s o l u t i o n  f o r  the  d e t e c t io n  o f  a dynamic c e n t r a l  peak 

and w i l l  be d iscussed  below.

2) Light  S c a t t e r i n g  I n v e s t ig a t io n s

The f i r s t  obse rva t ion  o f  c en t r a l  peak development in a l i g h t  

s c a t t e r i n g  experiment was rep o r ted  in 1971 by S te igm eir  e t .  a l .  1 4  Ra­

man measurements were made o f  s o f t  f e r r o e l e c t r i c  mode n ea r  the  f e r r o e l e c ­

t r i c  phase t r a n s i t i o n  o f  SbSI. I t  was found t h a t  c lo se  t o  the  Curie p o in t ,  

in t h e  f e r r o e l e c t r i c  phase ,  a broad f e a t u r e  developed cen te red  a t  the  zero  

f requency s h i f t ,  in th e  Raman spectrum, whose i n t e n s i t y  inc reased  approx­

im ate ly  as  (Tc -  T) ^ . S te igmeier  e t  a l .  do no t  b e l ie v e  t h a t  t h i s  in tense
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s c a t t e r i n g  r e s u l t s  from domain wall s c a t t e r i n g  s ince  the  domain s i ze  

dimensions f o r  n e e d l e - l i k e  SbSI c r y s t a l s  i s  l a r g e r  than th e  in c id e n t  

l a s e r  beam diameter .  S te igm eie r  e t  a l .  sugges ted t h a t  t h i s  f e a t u r e  may 

be due to  c r i t i c a l  s c a t t e r i n g  o f  the  Rayleigh peak.

In 1973 S te igmeier  e t  a l .  ^ » 1 6  measured th e  temperature  and 

angu lar  dependence o f  th e  t o t a l  s c a t t e r e d  l i g h t  i n t e n s i t y  near  the  

s t r u c t u r a l  phase t r a n s i t i o n  o f  SrTiO-j. The c r y s t a l s  used in these  ex­

per iments  were c a r e f u l l y  annealed .  They observed a d r a s t i c  in c rease  in 

the  t o t a l  s c a t t e r e d  l i g h t  i n t e n s i t y  as the  t r a n s i t i o n  temperature  was 

approached from above and below. Measurements were made f o r  th r e e  

s c a t t e r i n g  angles  (3 ,  90 and 177 degrees)  and were found to  obey an 

O rns te in -Z ern ike -1 ike  e x p re ss ion .  They i n t e r p r e t t e d  t h e i r  r e s u l t s  as 

c r i t i c a l  opa lescence  a s s o c ia t e d  with dynamic f l u c t u a t i o n s  o f  the  o rde r  

parameter in  the  v i c i n i t y  o f  the  t r a n s i t i o n  tempera ture .  S te igmeier  e t  

a l . proposed t h a t  th e  l i g h t  s c a t t e r i n g  a r i s e s  from d i r e c t  o p t i c a l  coupling 

to  phonon d e n s i t y  f l u c t u a t i o n s  as opposed to  i n d i r e c t  coupling v ia  the  

s o f t  mode phonon as  d iscussed  in the  phenomenological theory  f o r  c e n t r a l  

peak development a s s o c i a t e d  with the  neutron work. No l inew id th  was r e ­

p o r ted .

17 18I n v e s t ig a t io n s  by Lyons and Fleury  4 / ’ -1 0  r evea led  a s i n g u l a r  

dynamic c e n t r a l  peak in t h e  d e po la r ized  l i g h t  s c a t t e r i n g  spectrum of 

SrTiOg. This f e a tu re  e x h i b i t s  a FWHM o f  ~20 GHz and i s  v i s i b l e  only  very 

c lo se  to  t h e  s t r u c t u r a l  t r a n s i t i o n .  They i n t e r p r e t  t h i s  dynamic c e n t r a l  

peak t o  r e s u l t  from the  i n t e r a c t i o n  between the  T.A. phonon and th e  s o f t

Eg phonon t h a t  i s  coupled t o  some unsp ec i f ied  re l a x in g  degree o f  freedom.
19Lyons and Fleury a l so  rep o r ted  th e  d e te c t io n  o f  two n o n -s in g u la r
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r e s o lv a b le  q u a s i e l a s t i c  f e a tu r e s  in the  l i g h t  s c a t t e r i n g  spectrum of  

KTaOg as SrTi0 3  which they i d e n t i f y  as en t ropy  f l u c t u a t i o n s  

and two-phonon p rocesses .  However th e se  f e a t u r e s  can be expected in a l l  

subs tances  and bear  no in t im a te  r e l a t i o n  to  th e  s t r u c t u r a l  t r a n s i t i o n .

t i o n  l i g h t  s c a t t e r i n g  in v e s t i g a t i o n s  o f  a c e n t r a l  peak in the  v i c i n i t y  

o f  the  452°K f e r r o e l e c t r i c  phase t r a n s i t i o n  in lead  germanate.  They ob­

served a c e n t r a l  peak whose i n t e n s i t y  i n c re a se s  as T i s  approached from
w

below and which f a l l s  o f f  r a p id ly  in the  high tempera ture  phase.  Their  

measurements i n d i c a t e  no i n t r i n s i c  l inew id th  in the  s p e c t r a l  reg ions  o f  

13 GHz to  80 MHz and 10 MHz to  10 Hz. Fur thermore,  they  made a v isual  

obse rva t ion  o f  th e  l a s e r  s c a t t e r i n g  column and observed the  speckle  

p a t t e r n  c h a r a c t e r i s t i c  o f  s t a t i c  s c a t t e r i n g .  T here fo re ,  i t  appears  l i k e ­

ly  t h a t  the  anomalous c e n t r a l  peak i n t e n s i t y  i s  s t a t i c  in o r i g i n  and may 

a r i s e  from lo c a l i z e d  d e f e c t s  in the  c r y s t a l .  Lockwood e t  a l .  considered  

the  de fec t - induced  s p a t i a l  v a r i a t i o n s  in the  loca l  t r a n s i t i o n  tempera ture  

as th e  cause o f  th e  e l a s t i c  s c a t t e r i n g .  The loca l  t r a n s i t i o n  temperature  

can be expressed as the  sum o f  a mean value p lus  a s p a t i a l l y  dependent 

f l u c t u a t i o n .

I t  i s  assumed t h a t  the  e l e c t r o n i c  p o l a r i z a b i l i t y  depends upon temperature  

in th e  fo llowing manner:

20Lockwood e t  a l .  repor ted  B r i l l o u i n ,  Raman, and photon c o r r e l a -

(4)  Tc (r)  = Tc + 6Tc (r)

'/a
(5)

The s c a t t e r e d  i n t e n s i t y  i s  then expressed as
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J V  £  5  < o < n ; o - t ] c < [ T c  ( 0 )  - t ]

so t h a t  th e  tempera ture  dependence o f  the  anomalous s t a t i c  c e n t r a l  peak

<* , *

(7) 1  V C T c - T )

This i n t e n s i t y  temperature  dependence of  (T -  T ) " 1  agrees  well with t h e i r
i p

exper imenta l  r e s u l t s .  This mechanism is  d iscussed  by Halperin and Varma

as s c a t t e r i n g  from local  v a r i a t i o n s  in the  d e n s i t y  o f  im p u r i t i e s  and d i f f e r s  
_2

from the  (T - T) tempera ture  dependence o f  c e n t r a l  peak s c a t t e r i n g  from
v

s t a t i c  s t r a i n s  a s s o c ia te d  with frozen  d e f e c t s .  1 0 , 1 2

21Fleury  and Lyons measured a s i n g u l a r  dynamic c e n t r a l  peak a s so c ­

i a t e d  with the  f e r r o e l e c t r i c  t r a n s i t i o n  in lead  germanate.  By using a 

molecular  iodine  c e l l ,  they were ab le  to  remove the  s t rong  s t a t i c  c e n t r a l  

peak measured by Lockwood e t  a l . ^  and examined the  dynamic spectrum.

Their  Raman and B r i l l o u in  measurements t r a c e d  the  evo lu t ion  o f  the  f e r r o ­

e l e c t r i c  s o f t  mode and the  s i n g u l a r  dynamic c e n t r a l  peak in th e  v i c i n i t y  

o f  the  phase t r a n s i t i o n .  Far from T , in th e  f e r r o e l e c t r i c  phase ,  the
V

s o f t  mode i s  underdamped and decreases  in frequency approximate ly  as

0 > / v ( T #- T )  whi le  broadening s l i g h t l y .  Between 395 and 440°K, the  s o f t
_  eo*

mode i s  overdamped and the  decrease  o f  i t s  h a l f -w id th  P  = —  i s  c o n s i s t e n t  

w ith  (T - T). Within 10°K o f  T , the  s o f t  mode l i n e  shape ceases  to
V C

change (FWHM*4.6cm~*) and i t s  i n t e n s i t y  begins t o  decrease .  At the  same 

time a new depo la r ized  dynamic c e n t r a l  peak emerges with a FWHM of  about 

' ' '7.8GHz. The temperature  a t  which t h i s  f e a tu re ' s  i n t e n s i t y  peaks i s  taken
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t o  be the  t r a n s i t i o n  tem pera tu re .  Above T the  dynamic c e n t r a l  peak in -

t e n s i t y  decreases  r a p id ly  so t h a t  by T + 5°K i t  i s  no longer  d e t e c t a b l e .c
Fleury and Lyons were unable  to  c o n c lu s iv e ly  e s t a b l i s h  the  microscropic  

o r ig i n  o f  t h i s  dynamic c e n t r a l  peak.

Measurements o f  the  dynamic c e n t r a l  peak in lead  germinate were
22extended by Lyons and Fleury  and repo r ted  in a subsequent paper .

3
In 1974 Lagakos and Cummins repo r ted  the  observa t ion  o f  c en t r a l  

peak development in the  B r i l l o u in  s p e c t r a  o f  the  Xy shea r  mode and Bg 

o p t i c  modes in  KDP c lo se  to  the  f e r r o e l e c t r i c  t r a n s i t i o n .  As the  t r a n ­

s i t i o n  temperature  i s  approached from above, the  B r i l lo u in  s p e c t r a  revealed  

th e  so f te n in g  o f  the  Xy shear  mode B r i l l o u in  components and th e  develop­

ment o f  a c e n t r a l  peak whose i n t e n s i t y  i n c re a se s  by more than 30 t imes 

w i th in  1°K o f  the  t r a n s i t i o n .  This c e n t r a l  peak e x h ib i t e d  no i n t r i n s i c  

l in ew id th .  The B r i l l o u in  s p e c t r a  were f i t  to  a t h r e e  coupled mode model 

c o n s i s t i n g  o f  the  f e r r o e l e c t r i c  s o f t  mode, a second o p t i c  phonon o f  the  

same symmetry as the  s o f t  mode, and the  Xy shear  mode. Included in the  

response func t ion  f o r  the  s o f t  mode was a r e l a x in g  s e l f  energy o f  the  

form <T(  i - ' where O C T . This r e la x in g  s e l f  energy was 

f i r s t  sugges ted by Cowley and r e p re s e n t s  anharmonic coupling o f  the  s o f t  

mode to  p a i r s  o f  a co u s t i c  phonons. This response func t ion  i s  o f  the  

same form as the  phenomenological theory  used in the  neutron work. The 

coupled mode a n a ly s i s  f o r  coord ina ted  Raman and B r i l l o u in  experiments  

y i e l d s  a lower bound f o r  t h e  r e l a x a t i o n  t ime ^ o f  1 0  seconds while  the
_i

coupling c o n s ta n t  was e s t im ated  to  be <s~lcm a t  Tc * Lagakos and Cummins 

p o in t  out t h a t  because no width was determined f o r  t h i s  c en t r a l  peak, i t  

may be in f a c t  due to  s t a t i c  s t r a i n  f i e l d s  as proposed by Axe e t  a l .  ^
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24Subsequent ly ,  Durvasula and Gammon showed t h a t  t h i s  c e n t r a l  

peak in p a r a e l e c t r i c  KDP e x h ib i t e d  speckle  i n t e r f e r e n c e  f r i n g e s .  This 

sp a rk le  p a t t e r n  i s  c h a r a c t e r i s t i c  of a s t a t i c  s c a t t e r i n g  mechanism. Be­

cause the  s c a t t e r e d  l i g h t  i s  d e p o la r i ze d ,  as i t  i s  f o r  the  Xy shea r  mode,

Durvasula and Gammon i n t e r p r e t e d  t h i s  f e a t u r e  as  r e s u l t i n g  from s t r a i n
25deco ra t io n s  o f  s t a t i c  d e f e c t s .  Recently ,  Courtens showed t h a t  t h i s  

s t a t i c  c e n t r a l  peak can be e s s e n t i a l l y  removed from the  spectrum by a n n ea l ­

ing the  c r y s t a l  a t  140°C f o r  a period o f  18 hours.  This shows t h a t  the  

c en t r a l  peak appearing in the  p a r a e l e c t r i c  phase is  not an i n t r i n s i c  

p rope r ty  o f  the  c r y s t a l  and i s  a s so c ia t e d  with anneal a b le  l a t t i c e  d e f e c t s .

n c
Previous  to  Courtens work, Yagi e t  a l .  r epor ted  t h a t  the  cen­

t r a l  peak in the  l i g h t  s c a t t e r i n g  spectrum o f  KH^SeOgJg i s  suppressed by

success ive  temperature  c y c l i n g ,  the reby  a lso  i d e n t i f y i n g  i t s  o r i g i n  with
27l a t t i c e  d e f e c t s .  Fur thermore ,  they  observed a sample dependence to  the  

c e n t r a l  peaks occur ing in t h e  d e u te r a te d  c r y s t a l s  KD̂  { S e O ^ ,  which may be 

a s s o c ia t e d  with d i f f e r i n g  deuter ium c o n ce n t ra t io n s .  However, the  c e n t r a l  

peaks in KDgfSeO^ were not suppressed by temperature  cyc l ing .

Light s c a t t e r i n g  exper iments  were thus success fu l  in c l e a r l y  r e ­

so lv ing  l inew id ths  to  the  c e n t r a l  peaks occur ing in SrTiO^ and Ph^Ge^O^. 

Also th e r e  i s  evidence f o r  a dynamic c e n t r a l  peak in SbSI a l though no 

l inew id th  measurement has been repo r ted .  Unresolvable  c e n t r a l  peaks in 

KH2 PO4  and Pb^Ge^Ojj have been e s t a b l i s h e d  to  be e l a s t i c  s c a t t e r i n g .  These 

c e n t r a l  peaks and those  o f  KH^SeO^) and KDglSeOg^ appear  to  be a s s o c i a t e d  

with some s t a t i c  d e fe c t  mechanism.
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3) Magnetic Resonance In v e s t ig a t io n s

Magnetic resonance techniques  measure the  t ime averaged local 

o rd e r  parameter by observing the  c r y s t a l  f i e l d  induced s p l i t t i n g s  o f  the  

resonance l i n e s .  The loca l  s o f t  mode dynamics a re  probed by l i f e t i m e  

e f f e c t s  in the  spectrum and by the  temperature  dependence o f  the  s p i n - 1 a t -  

t i c e  r e l a x a t i o n  t ime.  The local c en t r a l  peak i s  observed v ia  the  f r e ­

quency dependence o f  th e  s p i n - 1 a t t i c e  r e l a x a t i o n  t ime.  E lec t ron  p a ra ­

magnetic resonance,  n u c lea r  paramagnetic resonance ,  and n u c lea r  quadrupole 

resonance techniques  have a l l  ^eenused to  i n v e s t i g a t e  the  l o c a l ,  low
28frequency  o rd e r  parameter f l u c t u a t i o n s .  As e a r l y  as 1967 Blinc e t  a l .

4-observed in the  EPR spectrum o f  the  AsO^ paramagnetic  c e n t e r  in KH2 As04

slow p ro to n i c  r e o r i e n t a t i o n s  occur ing 1 0 0 ° K above the  t r a n s i t i o n  temper-
29 30a t u r e .  Muller e t  a l .  * r e p o r t  having measured a c e n t r a l  peak l inew id th

o f  60 MHz a t  2°K above th e  t r a n s i t i o n  in SrTiO^. Dispers ion  o f  the  proton

s p i n - l a t t i c e  r e l a x a t i o n  t imes demonstrated th e  e x i s t en c e  o f  a dynamic

c e n t r a l  peak in the  p a r a e l e c t r i c  phase o f  KH2 P0 4  and KH3 (Se0 3 )2 . 3 1 , 3 2

For both c r y s t a l s ,  the  c e n t r a l  peak width determined by NMR i s  o f  the  order  
5 6  75o f  10 -  10 Hz. As quadrupole pe r tu rbed  NMR s tu d ie s  o f  KH2 As04>

CsHgAsO^, and RbHgA^O^ have revea led  dynamic c e n t r a l  peaks in the  1 0 3  -  1 0 ^
u 33,34Hz range.

35In 1976 Muller e t  a l .  measured the  EPR spectrum showing loca l
5+

f e r r o e l e c t r i c  o rde r ing  in Cr doped KH2 P04  and KH2 As04  and t h e i r  d e u te ra te d  

isomorphs f o r  tempera tures  well i n to  the  p a r a e l e c t r i c  phase.  From t h e i r  

experimental  r e s u l t s  f o r  t h e  f e r r o e l e c t r i c  c l u s t e r  l i f e t i m e s ,  Mul ler e t  a l .  

deduce a c e n t r a l  peak l inew id th  o f  l e s s  than 20MHz.

In a subsequent p u b l i c a t i o n ,  Muller and B er l in g e r  3^ i d e n t i f i e d  the
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5+symmetry o f  the  e l e c t r o n i c  wave fun c t io n  a s s o c ia te d  with Cr (3d) impur­

i t y  in KHgAsO  ̂ and KHgPO^. Symmetry allowed r o t a t i o n s  o f  the  e l e c t r o n i c  

charge d e n s i t y  in the  hydrogen bonded t e t r a h e d r a  couple t o  the  n e a r e s t  

pro tons  o r  deuterons  in t h e i r  double well p o t e n t i a l s  and break the  loca l  

symmetry. Hence, they  b e l i e v e  t h a t  t h i s  impur ity  a c t s  as a Halperin-Varma 

re l a x in g  d e f e c t  c e l l .  Muller and B e r l in g e r  show t h a t  t h i s  r o t a t i o n a l  r e ­

l a x a t io n  t ime i s  an o rd e r  of  magnitude g r e a t e r  than t h a t  o f  the  slow 

f e r r o e l e c t r i c  c l u s t e r  dynamics i d e n t i f i e d  independently  in an e a r l i e r  

p u b l i c a t i o n .

37Blinc has r e c e n t l y  given an e x ten s iv e  review o f  magnetic resonance 

i n v e s t i g a t i o n s  o f  the  loca l  c e n t r a l  peak.

4) Miscellaneous  Experimental  Techniques

Other exper imental  techn iques  t h a t  have been used t o  i n v e s t i g a t e

the  c e n t r a l  peak phenomena a re  Mossbauer sp ec t ro sc ro p y ,  38 ,39 ,40 ,41  u] t r a _

sonic  a t t e n u a t i o n ,  4 2»43 an(J d i e l e c t r i c  d i s p e r s io n .  45 ,46,47 Alexander

43and Gammon c a l c u l a t e d  th e  frequency  d i s p e r s io n  o f  the  u l t r a s o n i c  a t t e n ­

ua t ion  c o e f f i c i e n t  a f o r  KDP. They included in t h e i r  model a r e l a x a t i o n  

degree o f  freedom which couples  to  the  f e r r o e l e c t r i c  s o f t  mode and found 

t h a t  a r e l a x a t i o n  t ime t  o f  4 nanoseconds was c o n s i s t e n t  w ith  the  u l t r a s o n ­

i c  d a t a ,  in the  p a r a e l e c t r i c  phase ,  f o r  <x vs u>2  r epo r ted  by Garland and 

Novotny. Tornberg and Lowdes ^  have made rad io  frequency d i e l e c t r i c  

measurements o f  KDP and CsDA in the  5-80 MHz range.  They observed a s t rong  

d i e l e c t r i c  l o s s  in the  p a r a e l e c t r i c  phase o f  CsDA and a pronounced Debye 

r e l a x a t i o n  process  in  the  f e r r o e l e c t r i c  phase o f  both m a t e r i a l s .  The 

d i e l e c t r i c  da ta  were f i t  to  the  complex d i e l e c t r i c  c o n s ta n t :
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/  - >t ^
(8) t C o z ' S  -  £  ( u s )  + x . £  r c o ' i  '  £(<*>■} 1“

j  -r *f«o 'fc'

In KDP the  re c ip ro c a l  r e l a x a t i o n  t ime t" 1  was found to  in c re a se  from - 2 0

t o  30 MHz as the  tempera ture  i s  inc reased  from T=0.8T to  T . The ampl itudec c
o f  t h i s  r e l a x a t i o n a l  component a l s o  i n c re a se s  but appears to  leve l  o f f

c lo se  t o  th e  t r a n s i t i o n .  A comparison o f  t h i s  d i e l e c t r i c  d a ta  with

the  dynamic c e n t r a l  peak observed in th e  l i g h t  s c a t t e r i n g  spectrum o f
5

f e r r o e l e c t r i c  KDP by Mermelstein and Cummins was subsequent ly  made 
46by Widom e t  a l .  They sugges t  t h a t  th e  same physica l  p rocess  i s  r e s ­

pons ib le  f o r  both e f f e c t s .

C. T h eo re t ica l  Review

1) I n t r i n s i c  Theor ies

(a) Anharmonic Phonon Models 
23In 1970 Cowley f i r s t  showed t h a t  the  s o f t  mode response func t ion  

f o r  a p i e z o e l e c t r i c  f e r r o e l e c t r i c  c r y s t a l  could y i e l d  a t h r e e  peaked spec­

trum. The spectrum shows sidebands corresponding to  the  s o f t  mode p lus  a 

t h i r d  q u a s i e l a s t i c  c e n t r a l  peak. A s im p l i f i e d  p i c t u r e  o f  the  mechanism 

proposed by Cowley t h a t  y i e l d s  a c en t r a l  peak i s  d iscussed  by Axe and 

Shirane .  ^  Of i n t e r e s t  i s  th e  s p e c t r a l  d e n s i ty  func t ion  f o r  s c a t t e r i n g  

from the  s o f t  mode c lo se  to  the  t r a n s i t i o n  tempera ture .  Anharmonic p e r t u r ­

ba t ion  theory  y i e l d s  th e  fo llowing express ion  f o r  the  spectrum:

( 9 ) S t y " )  * ^  [«<"■> ■ i - i j T w f f s z V f l )  + 7 T ( f y » > T )  -  w 3J

where ~  IJ i S the  phonon occupation number and

i s  th e  wave v e c to r  dependent harmonic f r e q u e n c y . T T / ^ ^ t )  i s  the  phonon



18

s e l f  energy r e s u l t i n g  from the  phonon i n t e r a c t i o n s  of  the  anharmonic c r y s t a l  

and con ta in s  r ea l  and imaginary c o n t r i b u t i o n s ,  which,  in the  s im p l i f i e d  

quasiharmonic approximation,  can be w r i t t e n  as:

in (9) may inc lude  a r e l a x a t i o n a l  c o n t r ib u t io n  to  th e  r ea l  and imaginery 

p a r t s  so t h a t  A (to) a n d  r  (tu) w il l  be o f  the  form

Cowley p o in t s  ou t  t h a t  such a r e l a x a t i o n  c o n t r ib u t io n  may a r i s e  

from th e  anharmonic i n t e r a c t i o n s  o f  the  s o f t  mode with the  bath o f  thermal 

phonons as the  c r y s t a l  passes  from the  c o l l i s i o n  f r e e  regime ( M s . m .  'fcV* . y * I )  

to  the  c o l l i s i o n  dominated r e g i m e O  where c o and a re  the

s o f t  mode frequency and th e  thermal phonon r e l a x a t i o n  t ime r e s p e c t iv e ly .

The s p e c t r a l  d e n s i t y  func t ion  r e s u l t i n g  from the  s e l f - e n e r g y  ( 1 1 ) i s  found 

to  be ( *  dependence w i l l  be suppressed) :

4 o  renormal izes  the  harmonic frequency allowing f o r  the  tempera ture

dependence o f  the  quasiharmonic frequency while ( T )  in t roduces  damping 

via  phonon-phonon s c a t t e r i n g .  Cowley suggested t h a t  the  s e l f  energy

( 1 1 a) A ( v > ' )

( l i b )  P ( u »  * p 0  + J r  1

where (13)
* a - *  *  4
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and
(14) C u £  - c o t  +  ^

C O goi s  the  renormalized quasiharmonic frequency as measured by a high 

frequency probe a n d ^ i s  the  renormalized quaisharmonic frequency measured 

by a low frequency probe.

Equation (12) with the  appropr ia te  choice o f  paramete rs ,  y i e ld s
* r*-the  th r e e  peaked sp ec t ra l  l ineshape .  In the l i m i t  i t  shows th ree

d i s t i n c t  peaks with sidebands a t  t o o #  . However, as ^ j ^ ^ p p r o a c h e s  zero ,

S(oj) shows an inc reas ing  cen t r a l  peak i n t e n s i t y  with phonon s ide  bands 

t h a t  so f ten  and even tu a l ly  s a tu r a t e  a t  t o  -  ± ± / •

The t o t a l  i n t e g ra te d  i n t e n s i t y  o f  the  th re e  peaked spectrum S(w):

__ f) ke>'T~
(15) X i 4  < 0 i o S ( u y )  - — -

*  J C o*C  T )

and i s  determined by the  low frequency response c o *  . For ty p ica l  pa r -  

ameter v a l u e s a n d < ^ V > ^ T  , s(ui) can be conveniently  div ided in to  a 

c en t ra l  peak c o n t r ib u t io n  and a phonon co n t r ib u t io n :

(16) ^

where

d7) _5Y«) ( ~ - a )(  -t  r j l  and > V — ) r
K  £CU> /  I  4 0  +7T J

determines the  cen t ra l  peak l inewidth .  Note t h a t  the  c en t r a l  peak l i n e ­

width conta ins  the  renormalizat ion  c o e f f i c i e n t
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The phonon s ide  bands are  given by:

( 18) f  

The in tegegra ted  i n t e n s i t i e s  f o r  s (‘*))cen and S(w) g-j^e a re :

X  -  J - '(19) - J - « «

- T ~  _ L

( 2 0 ) _ X  '  00%

which obey the  sum ru le :

(21) ^ ~ ic t  ~ *•<&*

Hence the  c en t r a l  peak, as o r i g i n a l l y  proposed by Cowley, i s  in t im a te ly  con­

nected with the  s o f t  mode of  a s t r u c t u r a l  phase t r a n s i t i o n .  The so f ten ing  

o f  the  s o f t  mode frequency ft/*fr)wi 1 1  cause the  i n t e n s i t y  o f  the cen t r a l  

peak to  inc rease  d ram a t ica l ly  and i t s  l inewid th  to  decrease  as the  t r a n s i ­

t i o n  temperature  i s  approached. Furthermore,  the  temperature  dependence 

o f  the  high frequency response o f  the  s o f t  mode wil l  now be modified 

according to  (14) due to  i t s  i n t e r a c t io n  with the  c r y s t a l ' s  low frequency 

dynamical s t r u c t u r e .  In h is  1970 paper Cowley proposed several  ex tens ions  

t o  t h i s  re lax ing  s e l f  energy model. One such extension was f o r  the  case 

o f  a p y r o e le c t r i c  c ry s ta l  where the  f e r r o e l e c t r i c  mode i s  able  to  couple 

to  temperature f l u c tu a t io n s  in the  c r y s t a l .  Cowley po in ts  out t h a t  such 

coupling would allow the  de tec t ion  of  second sound though i t s  e f f e c t  on 

the  d i e l e c t r i c  response.  These t h e o r i e s  were subsequently  expanded in 

l a t e r  papers.  49>50
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With the  d iscovery  o f  a c en t r a l  peak in the  neutron s c a t t e r i n g  

spectrum o f  SrTiOg by Ris te  in 1971, severa l  anharnomic phonon th e o r ie s  

were evoked to  expla in  the  observed cen t r a l  peak. 51 ,52 ,53 ,54 ,55 ,70  Hqw_

ever a l l  these  th e o r i e s  reduce to  the  same sp ec t ra l  dens i ty  func t ion  ( 1 2 )
56proposed by Cowley. Ohnari and Takada have re c en t ly  ca lc u la te d  the 

dynamic cen t r a l  peak s p ec t ra l  dens i ty  func t ion  r e s u l t i n g  from anharmonic 

coupling of  the  thermal d i f f u s io n  mode to  the  s o f t  mode which can 

occur both above and below the  t r a n s i t i o n  as well as f o r  the  case of  

l i n e a r  coupling through the  temperature  dependence of the  order  parameter 

in the  f e r r o e l e c t r i c  phase.

(b) Thermodynamic Models
1  57From a thermodynamic approach, Feder ’ po in ts  out t h a t  a c en t ra l  

d i f fu s io n  mode may be expected in the  o rder  paramter f l u c tu a t io n  spectrum 

in the  c r i t i c a l  region of a second o rder  phase t r a n s i t i o n .  The r a t i o  o f  

the  in te g ra te d  i n t e n s i t i e s  o f  the  t o t a l  spectrum and the  s o f t  mode double t  

a re  given in terms o f  the  isothermal and a d iab a t i c  s u s c e p t i b i l i t i e s  

and :

( 2 2 )  -------

( f o r q = 0  t h i s  reduces to  the  Landau-Placzek r a t i o ) .  He argues t h a t  

whenever I > the  s o f t  mode p ic tu re  cannot f u l l y  desc r ibe  the  order

parameter f l u c tu a t io n  spectrum and a q u a s i e l a s t i c  cen t r a l  peak can be 

expected.  For T<T£ , xT i s  expected to  be g r e a t e r  than xs due to  the  tem­

p e ra tu re  dependence o f  the  o rde r  parameter.  (This case i s  s im i l a r  to
C Q

t h a t  d iscussed by H el le r  f o r  an an t i fe r rom agne t ) .  Howevever, Feder
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a l s o  argues t h a t  t h i s  w i l l  be t ru e  f o r  T>TC although the  average value 

o f  th e  o rde r  parameter i s  zero .  As the  t r a n s i t i o n  temperature  i s  approached, 

—9 c o  and the  d i f f u s i v e  c en t r a l  peak wi l l  dominate the  order  

parameter f l u c t u a t i o n  spectrum.

(c) E x p l i c i t  Non-Linear Models

The microscopic models f o r  c en t r a l  peak development d iscussed  above 

followed a p e r tu rb a t io n  t rea tm en t  o f  the  l a t t i c e  anharmonicity.  An a l t e r ­

na t iv e  approach i s  t o  inc lude  the  anharmonicity without approximation.  

Analy tic  i n v e s t ig a t i o n s  o f  s t rong ly  anharmonic one-dimensional models
59f o r  s t r u c t u r a l  t r a n s i t i o n s  were performed by Krumhansl and S c r i e f f e r

and by Aubry. These models reveal the ex i s t en c e  o f  mobile c l u s t e r s

o r  microdomains o f  local  order  ( s o l i t o n s )  in add i t ion  to  the usual phonon

e x c i t a t i o n s .  D i f fus ive  motion o f  these  microdomains i s  expected to  give

r i s e  to  a c en t r a l  peak both above and below T . Furthermore molecularc
C l  C O

dynamics computer s imula t ions  were performed fo r  one and two dimen­

sional  models. These computer s imula t ions  e x h i b i t  the  c l u s t e r  dynamics, 

expressed by the  a n a ly t i c  n o n - l in ea r  c a l c u l a t i o n s ,  t h a t  give r i s e  to  cen­

t r a l  peak formation near  T .c
63 32Blinc ’ has extended the  pseudo-spin Is ing  model in a t r a n sv e r se

f i e l d  fo r  the  s o f t  mode in KDP. When n o n - l i n ea r  e f f e c t s  a re  included he

f inds  t h a t  in add i t ion  to  the  usual s o f t  mode, rep resen t ing  f l u c tu a t io n s

t ran v e rse  to  the  mean f i e l d ,  th e re  i s  a long i tud ina l  f l u c tu a t io n  of  the

order  parameter spectrum t h a t  y i e l d s  a cen t r a l  peak f o r  T>T . He understandsc
the  presence of  t h i s  long i tud ina l  component to  be equ iva len t  to  the  e x i s ­
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tence  o f  long l ived  microdomains o f  f e r r o e l e c t r i c  order ing  which appear  in 

the  high temperature  phase.

2) E x t r in s ic  Theory

All o f  the  above th e o r i e s  have considered the  ex i s t ence  of  a c en t ra l  

peak to  be an i n t r i n s i c  p roper ty  o f  the  c r y s t a l .  However, i t  i s  a l so  pos­

s i b l e  t h a t  the  narrow c en t r a l  peak may be due to  l a t t i c e  im perfec t ions .

This p o s s i b i l i t y  was f i r s t  suggested by Axe and Shirane who proposed

a s p e c i f i c  s t a t i c  mechanism t h a t  would r e s u l t  in an i n f i n i t e l y  narrow 

c en t r a l  peak. Axe and Shirane considered the  formation o f  s t a t i c  s t r a i n  

f i e l d s  induced by the  presence of  poin t  de fec t s  in an otherwise  homogeneous 

impurity  f r ee  c r y s t a l .  Neighboring atoms wi l l  s u f f e r  a displacement,  due 

to  the  po in t  d e f e c t s ,  which can be viewed as a l i n e a r  response to  a force  

f i e l d  FfKl o r ig i n a t in g  from the  d e fec t .  I t  i s  convenient to  Four ier  

t ransform the r e s u l t i n g  displacements  and express them in terms o f  a l i n ­

e a r  combination o f  phonon modes with wave vec to r  q and branch index j .  The

amplitude o f  t h i s  impurity  induced phonon d i s t o r t i o n  ^ Q .  S  . ( s . i .  =j »q s . i .
s t a t i c  impur ity) i s  expressed in the  harmonic approximation by

The i n t e n s i t y  o f  t h i s  s t a t i c  s c a t t e r i n g  can be c a lc u a l t e d  from the  c o r r e s ­

ponding express ion f o r  the  in te g ra te d  phonon s c a t t e r i n g  under the  same con-

d l t l o n s  by simply rep lac ing  thenlBl by <QqJd>  s , so t h a t

(23)

where F . i s  the  p ro jec t io n  o f  F( r)  upon the  phonon e igenvec to r  * ( q , j ) .M »J <*.
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I f  the im pur i t ie s  a re  o f  the  proper symmetry so t h a t  they a re  able  to

l i n e a r l y  couple to  the  s o f t  mode (j  = s o f t  mode) then the  above r e l a t i o n

p re d ic t s  a c en t r a l  peak, of  zero  width ,  whose i n t e n s i t y  wil l  diverge as 
- v

i ( T ' )

65Levanyak e t  a l . considered the  i n t e n s i t y  o f  l i g h t  s c a t t e r e d  by 

lo c a l i z e d  de fec t s  in the  v i c i n i t y  o f  a second order  phase t r a n s i t i o n .  By 

in v e s t ig a t in g  the defect - induced  change in the  f r ee  energy o f  the  c r y s t a l ,  

they f ind  t h a t  d e fe c t  induced d i s t o r t i o n s  o f  the  same symmetry as the  

order  parameter ( l i n e a r  coupling) w i l l  s c a t t e r  l i g h t  according to  T e .1

in the  region of  v a l i d i t y  o f  the  Landau theory .  This r e l a t i o n  i s  determined 

by the  growth o f  the  d i s t o r t e d  volume surrounding the  d e fe c t .  As the  ch a r ­

a c t e r i s t i c  length  o f  t h i s  volume surrounding the de fec t  (which i s  r e l a t e d  

to  the  c o r r e l a t i o n  length)  approaches the  mean de fec t  spac ing ,  the  i n t e n s i t y  

o f  the  cen t r a l  peak i s  expected to  s a t u r a t e .  Levanyuk e t  a l .  e s t im ate  t h a t ,  

f o r  reasonable  de fec t  co n ce n t ra t io n s ,  t h i s  maximum i n t e n s i t y  can g r e a t l y  

exceed t h a t  of  s c a t t e r i n g  from n o n - c r i t i c a l  thermal f l u c t u a t i o n s .  Defects 

t h a t  couple q u a d r a t i c a l l y  to  the  order  parameter are  expected to  produce 

only a jump in the  s c a t t e r e d  i n t e n s i t y  a t  the  t r a n s i t i o n  po in t .

12Halperin and Varma replaced the  lo c a l i z e d  d e fe c t  as d iscussed by 

Axe e t  a l .  and Levanyuk e t  a l . ,  by a uniform d i s t r i b u t i o n  of  de fe c t s  through­

out the  l a t t i c  ( e f f e c t i v e  c r y s t a l  approximation).  The u n i t  c e l l  o f  such 

a l a t t i c e  may s u f f e r  a s t a t i c  d i s t o r t i o n  t h a t  breaks the  symmetry o f  the  

high temperature phase in which case the  r e s u l t a n t  (f rozen d e fe c t )  model 

i s  id e n t i c a l  to  t h a t  proposed by Axe e t  a l .  However, Halperin and



25

Varma a l so  in troduced the  p o s s i b i l i t y  t h a t  the  d i s t o r t i o n  o f  the  d e fec t  

c e l l  may hop back and fo r th  between p o s i t io n s  t h a t  break the  symmetry 

in  oppos i te  senses:  the  ' r e l a x in g  de fec t  c e l l ' .  Such a mechanism would 

in troduce  a l inewid th  to  the  cen t ra l  peak determined by the  c h a r a c t e r i s ­

t i c  time of  t h i s  symmetry breaking r e v e r sa l .  Furthermore,  Halperin 

and Varma po in t  out t h a t  in the  low temperature  phase,  local  v a r i a t io n s  

in the  dens i ty  o f  de fec t s  w i l l  produce local v a r i a t i o n s  in the  t r a n s i t i o n  

temperature  which may a l so  induce add i t io n a l  e l a s t i c  s c a t t e r in g .

Schmidt and Schwabl 6 6 and Hock and Thomas 8 8  have shown t h a t
1 ocde fe c t s  can r a i s e  the  local  t r a n s i t i o n  temperature Tc allowing

the  condensation o f  a local  s o f t  mode t h a t  wi l l  break the  local  symmetry

in the  high temperature  phase.  The f i r s t  authors  considered l i n e a r

coupling between the  de fec t  and the local  s o f t  mode while the  l a t e r

authors  considered quadra t ic  coupling.  Quadratic coupling includes  the

case where the  d e fe c t  does no t  break th e  local  symmetry in the  manner of

the  s o f t  mode as well as the  case where the  de fec t  induced broken symmetry

f l u c t u a t e s  r a p id ly  compared to  the  s o f t  mode f l u c tu a t io n s  and thereby
69produces no ne t  d i s t o r t i o n .  E. Courtens suggested t h a t  the  n a tu r a l l y  

occuring presence o f  deuterium im pur i t ie s  may be an example of  such a 

' s o f t  im pur i ty 1 and produce the  cen t ra l  peak observed in p a r a e l e c t r i c  KDP. 

Although Courtens was able  to  thereby account f o r  the  temperature  depen­

dence o f  the  s t a t i c  c en t r a l  peak i n t e n s i t y ,  subsequent experiments f a i l e d

to  show any c o r r e l a t i o n  between de fec t  concentra t ion  and c en t r a l  peak 
25s t re n g th .
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I I I .  Theory o f  the  F e r r o e l e c t r i c  Phase T rans i t ion  in KDP

A. In t roduct ion

In the  f i r s t  h a l f  o f  t h i s  chap te r  I w i l l  give a very cursory  

t h e o r e t i c a l  review of  the  f e r r o e l e c t r i c  phase t r a n s i t i o n  occur ing in 

KHgPO .̂ This d iscuss ion  i s  by no means complete.  I t  i s  o f f e re d  to  pro­

vide some fe e l in g  f o r  the  microscopic models evoked to  c h a r a c te r i z e

the  p ro p e r t i e s  o f  KDP. A more ex tens ive  d iscuss ion  o f  t h i s  mate r ia l  can
4

be found in Ph.D. t h e s i s  o f  Nick Lagakos. The second h a l f  o f  t h i s  chap­

t e r  considers  the  phenomenological f r e e  energy theory  o f  the  phase t r a n s i -
71 72t io n  due to  Landau and Devonshire. A p a r t i c u l a r  choice o f  the  f r ee

73energy due to  Benepe and Reese wi l l  be pursued in some d e t a i l .  In 

p a r t i c u l a r ,  severa l  t h e o r e t i c a l  consequences o f  the  f r e e  energy,  which are  

o f  i n t e r e s t  to  the experimental  r e s u l t s  o f  t h i s  t h e s i s ,  wil l  be presented .

B. S t ru c tu ra l  C h a r a c t e r i s t i c s

At room temperature  KDP e x h ib i t s  t e t ragona l  s t r u c t u r e  o f  symmetry 

group D2d. At approximately 122°K KDP spontaneously  d i s t o r t s  to  the  

orthorhombic s t r u c t u r e  o f  symmetry group C2 y. This d i s t o r t i o n  i s  accom­

panied by the  development o f  spontaneous p o la r i z a t i o n  along the  c r y s t a l -  

lographic  c ax is .  The spontaneous p o l a r i z a t i o n ,  Pg , i s  the  order  parameter 

f o r  the  t r a n s i t i o n .  At atmospheric p ressure  Pg r i s e s  d iscon t inous ly  a t  

th e  t r a n s i t i o n  tempera ture  T , c h a r a c t e r i s t i c  o f  a f i r s t  o rder  phase t r a n ­

s i t i o n .

74The room temperature  atomic s t r u c t u r e  o f  KDP i s  shown in Figure
751. Each phosphorous atom i s  surrounded by four  oxygens a t  the  corners

o_
o f  a te t rahedron  forming a (PO^) group. The c r y s t a l  c o n s i s t s  o f  cha in s ,
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+ 3"along the  c d i r e c t io n  o f  a l t e r n a t i n g  K ions and (PO^) ions .  Adjacent

chains  a re  d isp laced  along the  c ax is  by c /4  and a re  l inked  by hydrogen
3-bonds connecting the  oxygen atoms a t  the  top o f  a (PO^) group t o  the

3-oxygens a t  the  bottom o f  a neighboring (PO^) group. Each hydrogen bond 

l i e s  very n ear ly  pe rpend icu la r  the  c ax is  and th e r e  a re  fou r  bonds fo r  

each PÔ  group. In the  high temperature phase ,  the  expec ta t ion  value 

o f  the  hydrogen's p o s i t io n  l i e s  a t  the  c e n te r  o f  the  hydrogen bond between 

the  two oxygens. However in passing through the  t r a n s i t i o n ,  the  hydrogens 

become ordered c l o s e r  t o  one of  the  two oxygens. The framework of  the 

oxygens remains e s s e n t i a l l y  unchanged and the  potassium and phosphorous 

atoms s u f f e r  a small displacement along the  c ax i s  in oppos i te  d i r e c t io n s .  

Since the  hydrogen bonds are  only about 0.5° out o f  p a r a l l e l i s m  with the  

[001] p lane ,  the  c component of the  hydrogen s h i f t  can not account f o r  P . 

There fore ,  the  spontaneous p o la r i z a t i o n  i s  be l ieved  to  a r i s e  from the  d i s ­

placement of  the  potassium and phosphorus ions.

C. Microscopic Models

1. Dipole Moments and Long Range E l e c t r o s t a t i c  Forces 

In the  v i c i n i t y  o f  the  t r a n s i t i o n  temperature ,  severa l  physical  

p ro p e r t i e s  o f  the  c r y s t a l  e x h ib i t  anomalous behavior .  However, a l l  anom­

a l i e s  can be understood to r e s u l t  from the  fundamental anomaly in the  

d i e l e c t r i c  p roper ty  o f  the  clamped c r y s t a l .  The s t a t i c  d i e l e c t r i c  cons tan t  

e, measured along the  c a x i s ,  e x h ib i t s  a Curie-Weiss anomaly upon cooling 

towards the  t r a n s i t i o n  temperature:
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C i s  the  Curie cons tan t  and Tq i s  the  Curie temperature .  I n i t i a l  a t tempts  

to  understand t h i s  d i e l e c t r i c  anomaly considered the  e f f e c t  o f  the  d ipo le  

moments a sso c ia ted  with the  atoms of  the  c r y s t a l .  A simple r e l a t i o n ,  known 

as the  Claus ius-Mossott i  equa t ion ,  r e l a t e s  the  d i e l e c t r i c  cons tan t  e to  

the  atomic p o l a r i z a b i l i t i e s  a  and the  number den s i ty  N o f  d ipo le  moments 

fo r  a cubic c r y s t a l :

I  t
3

(2) e -
I  -

I f  we choose a p a r t i c u l a r  temperature  dependence f o r  N such t h a t  

(3) / -  '  ~  ( t - T o )

then we can recover  the  Curie-Weiss law (1 ) .  However the  comparison of 

t h i s  theory  to  the  experimental  r e s u l t s  f o r  KDP i s  very poor. Therefore ,  

the  so le  inc lus ion  of  long-range e l e c t r o s t a t i c  fo rces  a r i s i n g  from the  d i ­

pole moments cannot account f o r  the  observed f e r r o e l e c t r i c  p ro p e r t i e s  o f  

KPD.

2. S l a t e r ' s  S t a t i s t i c a l  Theory -  Short Range Forces 

Rather than cons ider  the  long-range fo rces  due to  the  d ipo le  moments 

throughout the  l a t t i c ,  S l a t e r  ^  considered the  shor t - r ange  fo rces  a ssoc ia ted  

with  the hydrogen bonds and t h e i r  e f f e c t  upon the  proton. On each hydrogen 

bond the re  a re  two equ i l ib r ium  p o s i t io n s  f o r  the  proton located  symmetrical­

ly  with re spec t  to  the  c e n te r  o f  the  bond. S l a t e r  imposes two r e s t r i c t i o n s  

upon the  p ro to n ' s  p o s i t io n :

a. There i s  one and only one proton on each bond.

b. There a re  only two protons  near  any one PO  ̂ group (the " ice  ru le " )
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These r e s t r i c t i o n s  permit  s ix  poss ib le  c o n f igu ra t ions  o f  the  four  protons 

around a P0^ group. S l a t e r  then t r e a t s  t h i s  problem u t i l i z i n g  the t e ch ­

niques  o f  s t a t i s t i c a l  mechanics. A counting o f  a l l  poss ib le  proton 

co n f ig u ra t io n s  and t h e i r  a ssoc ia ted  d ipo le  moments, sub jec t  to  the  above 

r e s t r i c t i o n s ,  y i e ld s  the  thermodynamic p r o b a b i l i t y  function W from which 

the  thermodynamic p ro p e r t i e s  o f  the  c r y s ta l  can be determined. This 

t rea tm en t  y i e l d s  a phase t r a n s i t i o n  a t  the  t r a n s i t i o n  temperature  T£ :

,3 

I n  a .

and a d i e l e c t r i c  anomaly:

N u t
(5) '

(4 )  '  e

5

e i s  an energy parameter and y i s  the  d ipo le  moment a sso c ia ted  with a 

p a r t i c u l a r  proton co n f ig u ra t io n .  This theory  p r e d i c t s  a t r a n s i t i o n ,  a t  

T , from the  completely unpolarized s t a t e  (T>T ) to  the  completely p o la r -C
ized s t a t e  fo r  T-T , resembling the  very rapid  build-up o f  P observed inV* b
KDP. However, S l a t e r ' s  theory  i s  unable to  expla in  the  d r a s t i c  change 

(almost doubling) o f  the  t r a n s i t i o n  temperature  in the  deu tera ted  c ry s ta l  

^ P O ^  (the isotope  e f f e c t ) .  This f a i l u r e  i s  viewed as the  most se r ious  

ob jec t ion  to  the  theory .  A review o f  the  S l a t e r  th eo ry ,  as modified by 

subsequent workers,  i s  given by S i l sbee  e t  a l .  7 7

3. Proton Tunnell ing -  Isotope Ef fec t

In 1959 Blinc was able  t o  expla in  the  la rge  iso tope  e f f e c t  by con­

s id e r in g  the  quantum mechanical problem of  a proton in the  p o te n t i a l  f i e l d
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78o f  the  hydrogen bond. He represen ted  t h i s  f i e l d  by a double well 

p o te n t i a l  o f  unequal depths by:

j .  k ( x - + - o *  - » Ix
( 6 ) V(x) =

x / i i x - i ) 3 + 6  ! ) < * * 00

<
f i g .  I l l  - 2

B i s  a measure o f  the  i n t e r a c t io n  

energy of  the  proton d ipole  moment 

with the  local  e l e c t r i c  f i e l d  r e s u l t ­

ing from the  long-range d ip o la r  fo rce s .

T ^  He a l so  assumed t h a t  th e re  i s  no s h o r t - 
A S l

x, .  v  range c o r r e l a t i o n  between the  p o s i t io n s
 E0 I-/

o f  neighborhing pro tons .  The quantum 

____________________  mechanical t rea tm en t  of  t h i s  problem

shows t h a t  the  energy e igenfunct ions  correspond to  the  proton tu n n e l l in g  

between the  two wells  ( 1 ±> = c j £ >  ± C2 | r> )  and t h a t  the  energy eigenvalue 

of  a v ib ra t io n a l  level w i l l  be s p l i t  by an amount equal t o  the  tu n n e l l in g  

in teg ra l  2 9 .  The f e r r o e l e c t r i c  t r a n s i t i o n  r e s u l t s  from the compet it ion  be­

tween the  long-range d ip o la r  i n t e r a c t i o n s  B which tend to  l o c a l i z e  the  

proton in the  lower well and the  quantum mechanical t u n n e l l i n g ,  which tends 

to  l o c a l i z e  the  proton in e i t h e r  well with equal p r o b a b i l i t y .  The f e r r o ­

e l e c t r i c  t r a n s i t i o n  wil l  occur when B > 29. where B and 2 9  are  expressed in 

f r equencies .  Since the  tu n n e l l in g  frequency i s  mass dependent,  Blinc was 

ab le  to  s u cc e ss fu l ly  acount fo r  the  pronounced iso tope  e f f e c t  in the  t r a n s ­

i t i o n  temperature .
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4. Pseudospin Model

Short  range in t e r a c t i o n s  between ad jacen t  tu n n e l l in g  protons  were
79subsequent ly  included in the  theory  by P.B. de Gennes and Brout,  Muller,

80and Thomas. The r e s u l t a n t  c o l l e c t i v e  e x c i t a t i o n s  o f  the  protons were 

discussed in terms of  the  pseudospin formalism where:

a.  Each proton can occupy one of  two s t a t e s ;  U> and lr>  co r ­

responding to  the  l e f t  and r i g h t  minima of  the  double well p o t e n t i a l ,  r e s -  

sp e c t i v e ly ,  as introduced by Blinc.
A

b. Each proton i s  ass igned a f i c t i t i o u s  spin <S> = h  where
A A

<s> corresponds to  the  proton in the  l e f t  well and <s> = J i  corresponds

t o  the proton in the r i g h t  w e l l .

c.  The Hamiltonian fo r  the  pseudospin proton system i s  taken

to  be: ^
(7) H = H + H.' '  o 1

where * *sr-f C , *
(7a) H o  “ 3^2. 5 ^

t

A " T - ' -T - C  *  C ?
(7b) H ,  8  Z h  * 4  $  4

- tu n n e l l in g  in te g ra l  

J . .  - proton-pro ton i n t e r a c t i o n .
* vl

A

Hq rep resen ts  the  unperturbed Hamiltonian o f  a c o l l e c t i o n  o f  n o n - i n t e r a c t ­

ing pseudospins (as d isucssed  by Blinc) which e n e r g e t i c a l l y  favors  the  

d isordered  symmetric s t a t e  and H1  r ep re sen ts  the  proton i n t e r a c t io n  which
A

e n e r g e t i c a l l y  favors  the  ordered s t a t e .  The Hamiltonian H can be schematic­

a l l y  represen ted  by:
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In te r a c t io n s  between the  protons and o th e r  neighboring atoms as well as 

pro ton ic  v ib ra t io n a l  s t a t e s  o th e r  than the ground s t a t e  are  neglec ted .
A

The expec ta t ion  values  of  the  spin ope ra to r  <S> are  obtained in the 

Molecular F ie ld  Approximation (MFA). In p a r t i c u l a r ,  f o r  the  z components 

o f  spin a

(8 ) S *  r
A l

where T o  r  2 - ^  ^  ' 1  ~  h  ~ T

and M in the  magnitude o f  the  molecular f i e l d :

/ v \  ,  £  y  S i *  "J

Equation (8 ) y i e l d s  a t r a n s i t i o n  temperature T given by

S L A
and a temperature  dependence f o r  <S2> which i s  propor t ional  to  the  order  

parameter P . The e igenfrequencies  o f  the  elementary e x c i t a t i o n s  o f  t h i s  

pseudo-spin system a re  c a lc u la te d  in the  Random Phase Approximation (RPA). 

The e igenfrequencies  a re :

to * - i s t  (s i-  + v T0a <  s , y
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This r e s u l t  p re d i c t s  a s o f t  mode behavior f o r  the  eigenfrequency o f  the  

q = 0 mode c lose  to  T .
w*.v ( T - T c )  T-j*Tc

Cot'' sTo<Si> T<Tt

5. Proton - Phonon Coupling 
81In 1968 Kobayashi proposed a dynamical model f o r  the  f e r r o e l e c t r i c  

phase t r a n s i t i o n  in KDP where the  proton tu n n e l l in g  mode (discussed above) 

couples s t ro n g ly ,  through a Coulomb i n t e r a c t i o n ,  to  the  o p t ic a l  phonon
+ 3-corresponding to  the  v ib ra t io n  o f  the  K ion and the (PO^) group along 

the  c a x i s .  As the  proton system approaches i t s  phase t r a n s i t i o n  temper­

a t u r e ,  the  frequency o f  one o f  the  coupled modes, i s  driven to  zero.

The ion ic  displacement f o r  t h i s  s o f t  f e r r o e l e c t r i c  mode i s  shown in Figure

4. I t  i s  the  " f reez ing  out" o f  t h i s  f e r r o e l e c t r i c  s o f t  mode and the  r e s u l -
+ 3-t a n t  displacement o f  the  K and (PO^) ions which are  respons ib le  f o r  the 

development o f  the  spontaneous p o la r i z a t i o n  along the  c a x i s .  This p ic -
82t u r e  of  the  t r a n s i t i o n  i s  c lo se ly  r e l a t e d  to  the  one proposed by Cochran.

Kobayashi's coupled proton pseudospin and o p t ic a l  phonon model was
83extended by Takada e t  a l . t o  include  the  p i e z o e l e c t r i c  coupling to  

the  t r an sv e r se  acous t ic  phonon (X^ shear mode). This coupling fo rces  the 

so f ten ing  of the  Cgg e l a s t i c  constan t  (a ssoc ia ted  with the  shear  mode) 

inducing the  f e r r o e l e c t r i c  t r a n s i t i o n  a t  a temperature  g r e a t e r  than the 

t r a n s i t i o n  temperature  of  the  uncouple s o f t  f e r r o e l e c t r i c  mode.

D. Thermodynamic Theory 

1. In t roduct ion

In a separa te  approach to  the  theory  o f  the  f e r r o e l e c t r i c  phase t r a n -



L 35

4 k

a b  plane

f i g .  I I 1-4

N



36

s i t i o n ,  the  Helmholtz f r ee  energy ,  A, f o r  the  c r y s ta l  can be expanded 

phenomenologically in terms o f  the  Xy shear s t r a i n  x^ and the  p o l a r i z a ­

t i o n  along the  z ax i s  P . 7 2  »7^ This expansion f o r  KDP can be conven­

i e n t l y  div ided in to  the sum o f  th re e  terms:

(9 ) A K . M  -  A , ( P , ) { i c > W '

Aq(P3 ) i s  the  f r e e  energy f o r  the  p o la r i z a t i o n  o f  a r i g i d  l a t t i c e .  The 

bracketed terms rep re sen ts  the  co n t r ib u t io n  to  A r e s u l t i n g  from the  piezo 

e l e c t r i c  coupling o f  the  p o l a r i z a t i o n  to  the  s t r a i n .  Aj(T) con ta ins  

c o n t r ib u t io n s  to  A due to  l a t t i c e  degrees o f  freedom t h a t  do not p a r t i c i p a t e  

in the  t r a n s i t i o n .  Terms o f  odd powers in P a re  not permit ted  by

symmetry.

Ao (P3 ),  the  pure p o l a r i z a t i o n  co n t r ib u t io n  to  A, can be expressed 

as an expansion in P:

( 1 0 ) / 4 , ,  ’  a *  P * f

where ( I D  j ( S ( P ^  - ^ 6 P V t c p t +  i  D p f , +  "  '

<t>(P) i s  known as the  " s a tu ra t io n  func t ion"  and conta ins  higher o rder  

terms o f  P. a  i s  assumed to  have the  following l i n e a r  temperature  depen­

dence:
{12) <x--ou{T --rV ')

Xwhere Tq i s  the  clamped Curie temperature .  For the  s t r e e  f r e e  c r y s t a l ,  the  

s t r a i n  and p o l a r i z a t i o n  a re  r e l a t e d  by: 7 4

(13) 1 ~ r £ r  KC
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Hence, the  Helmholtz f r e e  energy can be w r i t t en  as :

( i4 )  A ( P )  = ± « ' ( T -~n >! r )  * 0 ( p '> * A ’ r r )

where i f  i s  the  f r ee  Curie temperature  and
L

V»,T

In the  following d iscuss ions  I wil l  use a p a r t i c u l a r  choice o f  the
73s a tu r a t i o n  func t ion  <t>(P), due to  Benepe-Reese.

(15) i> Py +

where,

a  = 3.867 x 10- 3  K_ 1

b = -4 .4  x 1 0 " 1 2  cmVesu2

6  = 2.96 x 10" 2 7  cm1 2 / e s u 6

2. Equil ibrium Pro p e r t i e s  

(a) T rans i t ion  Temperature

The Helmholtz f r ee  energy A, as determined by (6 ) and (7 ) ,  is  p l o t ­

ted  in Figure (5) f o r  severa l  temperatures  c lose  to  the  f r ee  Curie temper­

a tu re  t 5 =  122.000°K. The equ i l ib r ium  value o f  the  p o l a r i z a t i o n  i s  t h a t  

value which corresponds to  an abso lu te  minimum of  the  f r e e  energy. For 

above the  t r a n s i t i o n  t h a t  abso lu te  minimum wil l  occur a t  P = 0 correspond­

ing t o  the  p a r a e l e c t r i c  phase.  As the  t r a n s i t i o n  i s  approached, s ide  lobes 

w i l l  develope in the  f r ee  energy, due to  the negat ive  q u a r t i c  c o e f f i c i e n t  

(see Figure 5 ) ,  and descend with  decreasing  temperature .  When the  f r ee  energy 

a t  the  local  minimum about P = 0 and in the  local  minimum in the  lobes 

a re  equa l ,  the  equ i l ib r ium  value o f  the  p o l a r i z a t io n  wil l  jump d i scon t inuous ly

cr —  *
T o -  T

CL

oi o C
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from P = 0 to  P = ±P„. The temperature  a t  which t h i s  occurs i s  the  

t r a n s i t i o n  temperature  T . P0  anc| T are  found to  be ( fo r  the  Benepe-Reese
v v

f r ee  energy'*

S u b s t i tu t i n g  in the Benepe-Reese f r ee  energy parameters in (16) and (17) ,

Inspection of  Figure 5 i n d ic a te s  t h a t  the  t r a n s i t i o n  wi l l  occur between 

curves c and d ,  in agreement with eg.  (171)

b. Spontaneous P o la r i za t io n

A computer program was u t i l i z e d  to  determine the  abso lu te  minimum 

(and th e re fo re  the  p o l a r i z a t i o n )  o f  the  f r ee  energy as a func t ion  o f  tem­

pe ra tu re  and e l e c t r i c  f i e l d .  The development o f  spontaneous p o l a r i z a t i o n ,  

a t  zero e l e c t r i c  f i e l d ,  i s  shown in Figure 6 . This simula tion y i e l d s :

I f ind
3 ' e i U

(1 6 ' )  ? o  z  S - G  X / O

(17*) ~ T C  = T /  + 0 - O I 2  °1<

*
~ r c * t .  + o - o i * 9  KP 0  -  3.

in  agreement with the  a n a ly t i c  r e s u l t s .

c.  E l e c t r i c  F ie ld  Ef fec ts

I f  an e l e c t r i c  f i e l d  E i s  applied  along the  z axes o f  the  c r y s t a l ,



/
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i t  i s  necessary  to  include a term -PE in the  f r e e  energy A(P). The 

e l e c t r i c  f i e l d  i s  given by:
b A

J p

(18) E  -  < * '  P +  •

Equation (18) i s  the  equation of  s t a t e  o f  the  c r y s t a l .

The temperature  dependence,  as determined by t h i s  computer simula­

t i o n ,  o f  the  p o l a r i z a t io n  f o r  e l e c t r i c  f i e l d s  o f  E = 0 ,  50, 100, 200, 300,

500, 750 and 1000 i s  i l l u s t r a t e d  in Figure 7.cm 3

A l t e r n a t iv e ly ,  the  e l e c t r i c  f i e l d  dependence o f  the  p o la r i z a t i o n  f o r  

constan t  temperatures  o f  AT = -0 .025,  0 ,  .025, .050, .075, and .100°K (with 

AT = T-Tf) a re  shown in Figure 8. Notice t h a t  in Figure 7 th e re  i s  a d i s ­

continuous jump in P f o r  e l e c t r i c  f i e l d s  below a c r i t i c a l  f i e l d  ( to  be 

defined below) and t h a t  in Figure 8 th e re  i s  a d iscont inuous jump in P 

fo r  temperatures  below a c r i t i c a l  temperature  (a l so  to  be defined below)

but above the  t r a n s i t i o n  temperature .  Second harmonic generation and
87b i re f r ingence  measurements f o r  KDP as well as p o la r i z a t i o n  measurements

88 89in an applied  e l e c t r i c  f i e l d  ’ support  these  p red ic ted  e l e c t r i c  f i e l d  

e f f e c t s .

d. C r i t i c a l  Point a t  Ambient Pressure

The f r ee  isothermal d i e l e c t r i c  s u s c e p t i b i l i t y  i s  given by

7 ,T =
l / P J <r,T

Use o f  the  B-R f r e e  energy y i e ld s  (see Brody 74 f o r  c a l c u l a t i o n  o f  f l u c t u -
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ua t ions  in the  thermodynamic v a r i a b le s )

* UQ{ T-'r;<r) + 3 k P* 1 7<S P h< 0
<19> 2 ° ' T

In the  p a r a e l e c t r i c  phase with E = 0,  the re  i s  no ne t  p o l a r i z a t i o n  P. 

Therefore simply obeys a Curie-Weiss law approaching a s i n g u l a r i t y  

a t  the  f r ee  Curie temperature T?*. However, f o r  the  1s t  o rder  t r a n s i t i o n  

Tc i s  g r e a t e r  than i f  (eq. 16) so t h a t  never becomes s in g u la r .  In 

the  presence o f  an e l e c t r i c  f i e l d ,  P ?  0 in the  p a r a e l e c t r i c  phase (see 

Figures 2 and 3).  Figure 9 i s  a p lo t  o f  as a func t ion  of  p o l a r i z a t io n  

as determined by equation (19).  The dashed l i n e s  r ep re sen t  the th ree  terms 

in equation (19) and the  so l id  l i n e  i s  which i s  equal to  t h e i r  sum. 

Because b<0, i t  i s  poss ib le  to  choose a c r i t i c a l  temperature  Tc r  and 

c r i t i c a l  p o l a r i z a t i o n  P (and th e r e fo re  a c r i t i c a l  e l e c t r i c  f i e l d )  suchv f
t h a t  the  s u s c e p t i b i l i t y  i s  i n f i n i t e  a t  the  c r i t i c a l  po in t  and p o s i t i v e  

everywhere. These physical  c o n s t r a in t s  are  expressed mathematical ly by

(/> e I
<>er,T«

( s i n g u l a r i t y )

( f i t

( H i )

d e  

d  p

_

-  o  (extremum)

a
o e y

d P*

Pci-, I CK

> x O

ft*/Tl*

(absolu te  minimum)

These c o n s t r a i n t s ,  along with the  equat ion o f  s t a t e ,  y i e l d  the following 

f o r  the  c r i t i c a l  p o l a r i z a t i o n ,  temperature  and e l e c t r i c  f i e l d .
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c r i t i c a l  p o in t  (see  equation  19).



S u b s t i t u t i o n ,  of  the  B-R f r e e  energy paramete rs ,  y i e ld s  

Pctr3.s-ax/03^ft ( Hr -~T2Tr0.03l'K f Be r =

Hence, w i l l  be s in g u la r ,  a t  ambient s t r e s s ,  f o r  (T,E) = (Tc r » Ec r ) 

and t h e re fo re  e x h ib i t  a temperature  dependence c h a r a c t e r i s t i c  of  a 2nd 

order  t r a n s i t i o n .

These r e s u l t s  a re  conveniently  presented  in a phase diagram. In 

f ig u re  10, I have sketched the  phase diagram f o r  KDP in the  e l e c t r i c
pr

f ie ld^ tem pera tu re  plane (corresponding to  atmospheric p re s su re ) .  The 

thermodynamic s t a t e  of  the  c ry s ta l  i s  s p ec i f i e d  by the  e l e c t r i c  f i e l d  

and temperature (E, T). The hatched l i n e  corresponds to  the  phase t r a n s i ­

t io n  as i t  occurs in the  e l e c t r i c a l l y  shorted c ry s ta l  (E = 0) .  As the 

c r y s t a l  i s  cooled through the  t r a n s i t i o n  temperature  T , the re  i s  a d i s -  

cont inous jump, from zero ,  in the  spontaneous p o la r i z a t i o n  and the  c ry s ta l  

becomes f e r r o e l e c t r i c .  This behavior o f  the  o rder  parameter i s  shown in 

f ig u r e  6. For E<Ec r . cooling o f  the  c r y s t a l  w i l l  cause an induced f i r s t  

o rder  t r a n s i t i o n  when the  s t a t e  o f  the  c r y s t a l  c rosses  the  s o l id  l i n e  of  

induced t r a n s i t i o n s .  This process i s  i l l u s t r a t e d  by path ( i ) .  The temper­

a tu re  dependence o f  the  ne t  p o la r i z a t i o n  (combined spontaneous and induced 

p o l a r i z a t i o n s )  and the  a ssoc ia ted  jump i s  i l l u s t r a t e d  in f ig u r e  7 f o r  E =

50 V/cm < Ec r « S im i la r ly ,  i f  the  c r y s t a l  i s  i n i t i a l l y  in the  p a r a e l e c t r i c
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( 111 )

l i n e  o f  f i r s t  
o rd e r  induced 
t r a n s i t i o n s

F e r r o e l e c t r i c  
Phase

( iv )

<Ec r ' Tcr>

P a r a e l e c t r i c  Phase

t - t :

f i g .  I I I -10 E l e c t r i c  f i e l d -  Temperature plane  phase
diagram f o r  f i r s t  o rde r  f e r r o e l e c t r i c  
t r a n s i t i o n .
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phase c lo se  to  Tc> an inc rease  o f  the  e l e c t r i c  f i e l d ,  a t  cons tan t  tempera­

t u r e s ,  w i l l  cause the  s t a t e  poin t  to  c ross  the  l i n e  of  induced 1s t  o rder  

t r a n s i t i o n s  and the n e t  p o l a r i z a t i o n  w i l l  exper ience  a d iscont inuous  jump. 

This i s  i l l u s t r a t e d  in f i g .  10 f o r  Tc c T < Tc r  by path ( i i ) .  At the  c r i t ­

i ca l  poin t  (E , T ) these  discont inuous jumps in the  ne t  p o l a r i z a t i o n
Ll V* I

wil l  d isappear  and P(Ec r , Tc r ) w i l l  be poin ts  o f  i n f l e c t i o n  in f ig u re s  7 and 

8. For temperatures  and /or  e l e c t r i c  f i e l d s  g r e a t e r  than t h e i r  c r i t i c a l  

va lues ,  th e re  i s  no longer an unambiguous d i s t i n c t i o n  between the  f e r r o ­

e l e c t r i c  and p a r a e l e c t r i c  phases s ince  the  ne t  p o l a r i z a t i o n  va r ie s  smooth­

ly  as a func t ion  of  temperature  and e l e c t r i c  f i e l d .  For example, the  p o la r -  

i c a t io n  along path ( i i i )  i s  i l l u s t r a t e d  in f ig u re  3 f o r  E > Ec r  and the  

p o la r i z a t i o n  along path ( iv )  i s  i l l u s t r a t e d  in f ig u r e  4 f o r  T > Tc r .

This phase diagram i s  p a r t i c u l a r l y  useful to  t h i s  t h e s i s  work s ince  I have 

performed l i g h t  s c a t t e r i n g  experiments in severa l  reg ions  of t h i s  phase 

space.  The experimental  r e s u l t s  can be d i r e c t l y  r e l a t e d  to  the  app rop r ia te  

thermodynamic p ro p e r t i e s .

e .  Thermodynamic Response Functions

F luc tua t ions  in the  thermodynamic s t a t e  v a r i a b le s  ( p o l a r i z a t i o n ,  

s t r a i n ,  tempera ture ,  e t c . )  can be expressed in terms o f  the  Helmholtz f r ee  

energy given by eg. (6) (see Brody 1974). Several o f  the  response func­

t i o n s ,  a s so c ia t e d  with the  f l u c tu a t i o n s  in the  thermodynamic v a r i a b l e s ,  t h a t  

a re  of  i n t e r e s t  t o  the  p re sen t  l i g h t  s c a t t e r i n g  experiments are  d iscussed  

below:

(1) Free Isothermal D ie l e c t r i c  S u s c e p t i b i l i t y  

The d i e l e c t r i c  s u s c e p t i b i l i t y  has been discussed  above. The
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e l e c t r i c  f i e l d  dependence of  e ^ ’T in the  v i c i n i t y  o f  the  c r i t i c a l  po in t  

i s  i l l u s t r a t e d  in Figure 11. Note t h a t  the  s i n g u l a r i t y  in e^  i s  ev iden t

near  (T, E) = (Tc r , Ec r ).

(2) Cgg^ : Isothermal E la s t i c  Constant 

The isothermal e l a s t i c  cons tan t  can be w r i t t e n  a s :  

£,T  _ (  J V
c fa  to I c J X c E , T

( 2 0 ) E,T _ ^ f» T (  0Co(T-t/) -t3bP*+W P 
X o (T -T S )

where C ’ = 7.0 x 10 i s  the  e l a s t i c  constan t  a t  cons tan t  p o l a r i -
cm

za t io n  and = 117.7°K i s  the  clamped Curie temperature .  The e l e c t r i c
f  T F T

f i e l d  dependence o f  Cgg , as p red ic ted  by (20) ,  i s  shown in Figure 12. Cg£

i s  expected to  e x h i b i t  c r i t i c a l  behavior ,  f i r s t  decreasing (E<E(;r) and then 

increasing(E>Ec r ) as E i s  increased .

(3) Cgg^: Adiabat ic  E la s t i c  Constant 

The a d i a b a t i c  e l a s t i c  cons tan t  is

m  _ r i g  ]

'  W X 6 / E ,s  

e.» PT < « .(T -T /)+3 l» , P*+?J‘P‘

where

c-,s PT < *o(T~Tew) +3b P + P 
(21) C“  ' e ' 2

i s  r e l a t e d  to  the  ad iab a t i c  co r rec t ion  term (see Brody 1974) and i s
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given by (X * T

C

C - s p e c i f i c  heat  per u n i t  volume due to  degrees of  freedom 
not p a r t i c i p a t i n g  in the  phase t r a n s i t i o n

For C = 1.03 x 107- e-r-3- ■ and T = 120°K I f ind :  
cm3- °K u

and iI / 1 C t o ’
k  r  + f - 3 t X / 0  -----------
u  p j m .

E SBecause b '>0, Cgg i s  not expected to  e x h i b i t  c r i t i c a l  behavior (as does
E T c c

Cgg ). Figure 13 i l l u s t r a t e s  the  e l e c t r i c  f i e l d  dependence o f  Cgg as
E Sdetermined by (12).  Notice t h a t  Cgg inc reases  with E fo r  a l l  E, and

e x h ib i t s  a d iscont inuous  jump f o r  T < T < T .
c c r

(4) p ^ :  P y r o e le c t r i c  S u s c e p t i b i l i t y

The p y r o e l e c t r i c  s u s c e p t i b i l i t y  i s  defined as

p * I n v
The f r e e  energy y i e l d s  the  following express ion f o r  p^’ E:

(2 2 ) P  ’ ~~ ~  L  —

where ecr,T i s  given by (11) and C i s  the  Curie cons tan t .  For the  shorted 

c r y s t a l  in th e  p a r e l e c t r i c  phase,  p = 0. The temperature  dependence of p*,E 

p red ic ted  by (14) i s  shown in Figure (14) The e l e c t r i c  f i e l d  dependence f o r
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the  p y r o e l e c t r i c  c o e f f i c i e n t  i s  shown in Figure (15) .  w i l l  e x h ib i t

c r i t i c a l  behavior determined by z * .

(5) Thermal D i l a t a t io n  C oef f ic ien t

The thermal d i l a t a t i o n  c o e f f i c i e n t  i s  def ined  by:

^  V o  I / T l £  

and i s  r e l a t e d  to  the  py ro e lec t r ic  s u s c e p t i b i l i t y  by:

/v/ r r c  O - ~  <f,E
(23) q * *  * ~ ftT f

D

(6) Excess Spec i f ic  Heat
85The s p e c i f i c  hea t  a t  cons tan t  s t r e s s  and e l e c t r i c  f i e l d  i s  given by:

6 S  \

/cr,Ee«> <V ,« r t  (  f f - 1

where S i s  the  entropy. The entropy can be obta ined from the  Helmholtz 

f r e e  energy A(T,x • P) and i s  given by:

«  » '  - I r r l ; -

S i s  the  en tropy a s so c ia te d  with degrees o f  freedom not p a r t i c i p a t i n g  in 

the  t r a n s i t i o n .  Hence

(26) C<r,e " C o ~  )(r(g
u _  I d&» \

where Q  2 " r —  I 1S ^ e  background s p e c i f i c  heat .
V w T
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Using (22) f o r  the  p y r o e l e c t r i c  c o e f f i c i e n t ,  the  s p e c i f i c  heat can be 

w r i t t e n  as:

E. Conclusion

In summary, t h i s  chap te r  has touched upon some o f  the  major poin ts  

in the  development o f  the  microscopic theory  o f  the  f e r r o e l e c t r i c  t r a n s i t i o n  

in KHgPO .̂ Examination of  the  phenomenological thermodynamic theory  has 

allowed the  de termination o f  severa l  thermodynamic response func t ions  of  

experimental  i n t e r e s t .  In p a r t i c u l a r  the  e l e c t r i c  f i e l d  dependence o f  

severa l  thermoynamic p ro p e r t i e s  has been in v e s t ig a te d .

(27)
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IV. Light S c a t t e r in g  Theory 

A. Sca t te red  E l e c t r i c  F ie ld

In t h i s  chap te r  I w i l l  p resen t  the  c l a s s i c a l  theory  of  l i g h t  s c a t t e r -
OC

ing from a condensed medium in the  d ipo le  approximation.
3

Consider a plane wave in c id en t  on a volume element d r ‘ , whose 

index of  r e f r a c t i o n  i s  n. The e l e c t r i c  f i e l d  i s  represented  by a monochromatic 

wave o f  p o la r i z a t io n  wave vec to r  k0 # and frequency o> .

„  - t ( k c ' l - ' - C J o t ' )

til e. = <?0 ed e ' ~

Light wil l  be s c a t t e r e d  by the  presence o f  inhomogeneities in the  o p t ica l  

d i e l e c t r i c  constant  t e n so r  o f  the  medium which are  induced by a v a r i e ty  

o f  thermal processes (such as sound waves, thermal d i f f u s i o n ,  e t c .  ) The 

local d i e l e c t r i c  cons tan t  ten so r  can be expressed a s :  E C f . - O -  jL +  o C
A. 2  A

The f lu c tu a t in g  co n t r ib u t io n  to  e produces an excess p o l a r i z a t io n  given by:

<2) P(t,n * Se (>,*-) E0 .

In the  d ipo le  approximat ion,  such a f l u c t u a t i n g  excess p o l a r i z a t i o n  wi l l

FigureIV -1
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produce a s c a t t e r e d  e l e c t r i c  f i e l d  a t  the  f a r  f i e l d  po in t  P (where r  »  r ' ) 

given by:

i z a t io n  and wave vector of  the  s c a t t e r e d  wave, r e s p e c t iv e ly ,  and q = k0 - 

i s  the  momentum t r a n s f e r  express ing the  Bragg condi t ion  fo r  s c a t t e r i n g .

B. I n t e n s i ty  Spectrum

The Wiener-Khintchine theorem y ie ld s  the  i n t e n s i t y  spectrum of  the 

s c a t t e r e d  l i g h t  in terms of the  a u to c o r re la t i o n  function of the  s c a t t e r e d  

e l e c t r i c  f i e l d :

i ( k f  0i ~ )'0*- )  h

/v r* A

where

A

where I = / E/ and 6 eT q , t ) i s  the  spacia l  Four r ie r  t ransform o f  6 e ( r , t ) .

F luc tua t ions  in e due to  thermal processes  in 

the  medium can be expressed by:

(6 )
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w h ^ e  P.. are  the  o p t ic a l  coupling c o e f f i c i e n t s  and A. ( q , t )  a re  the  f l u c t u a t ­

ing physical  q u a n t i ty  o f  wave vec tor  q. The i n t e n s i t y  spectrum can now be 

expressed as:

A  ’’-a

(A.A.)co i s  the  s p ec t ra l  dens i ty  o f  the  f l u c tu a t io n s  in A. ( q , t )  and is
■ J  I

g1ven by: T

(8) ( i k  J ^ i e  <  A * ( t 0) V 1 3 >

This spec t ra l  dens i ty  i s  given by the  c l a s s i c a l  f l u c tu a t io n  d i s s ip a t io n  

theorem in terms o f  the  imaginary p a r t  o f  the  s u s c e p t i b i l i t y  o f  the  coor­

d ina te s  A. in the  l i m i t  u < < kDT/ti1 D

(9) -- T m  % < j  f a O

where x^j i s  the  response of  coord inate  A., to  a u n i t  d r iv ing  fo rce  conju ­

gate  to  coordinate  A.. The x.-.- are  obtained from the system's  equat ions
J  I J

of  motion. Hence, the  spectrum of  s c a t t e r e d  l i g h t  can be expressed as:

(10) X . (i

C. In teg ra ted  I n t e n s i ty

The in teg ra ted  i n t e n s i t y  i s  obta ined by in t e g r a t i n g  (5) over f r e -

quency:

( 11 )
v
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Use o f  the  d e f i n i t i o n  o f  the  d e l t a  func t ion :

(12) 3 *  f e ) - -
~ a »

•yi e l d s > , —  , / 2 _  v

T ‘ T ' '  T p r  >
I t  i s  convenient  to  de f ine  the  Rayleigh r a t i o  R as the  s c a t t e r i n g

cross  sec t ion  per u n i t  volume, o r  R = j - y p r  » so t h a t  the  i n te g ra te d  in -
o

t e n s i t i e s  can be expressed as :

(i4) R --  ^

Note t h a t  the  i n te g ra te d  i n t e n s i t y  i s  propor tional to  the mean square f l u c ­

tu a t io n  o f  the  d i e l e c t r i c  cons tan t .
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V. Experimental Considera tions

In t h i s  chap te r  I w i l l  d i scuss  the  experimental  apparatus  p e r t i n e n t  

t o  the  r e s u l t s  presented in t h i s  t h e s i s .

A. Opt ical  Layout

(1) Overview.

A schematic diagram o f  the  o p t ica l  layout i s  presented  in f ig u r e  1.

The argon-ion l a s e r  i s  run in s in g le  mode opera tion  by use o f  an i n t r a ­

cav i ty  e ta lo n .  The l a s e r  beam is  focused in to  the  dewar by lens  LI whose 

focal leng th  i s  chosen so t h a t  the  beam focuses a t  the  c e n te r  o f  the  c r y s t a l .  

Before the  beam e n te r s  the  sample c e l l  i t  passes through a Glan-Thompson 

prism, o r ien ted  to  pass l i g h t  v e r t i c a l l y  po la r ized  with re sp ec t  to  the 

op t ica l  t a b l e .  The prism i s  needed to  c o r r e c t  f o r  s t r a i n  induced b i r e ­

fr ingence  in the  dewar windows which tends to  depo lar ize  the  en te r in g  l a s e r  

beam a t  low temperatures .  Light s c a t t e r e d  a t  90* i s  c o l l e c t e d  by lens  L2.

The p o l a r i z a t i o n  o f  the  s c a t t e r e d  l i g h t  i s  s e le c ted  by the Polaro id  analy­

s e r  and the  a p e r tu re  i s  determiend by the a d ju s tab le  i r i s .  The s ca t t e r e d  

l i g h t  i s  frequency analysed by e i t h e r  a p ressure  scanned plane p a r e l l e l  

Fabry-Perot  in te r fe ro m e te r  o r  a p i e z o - e l e c t r i c a l l y  driven confocal spher­

ica l  Fabry-Perot i n te r fe ro m e te r .  The former ins trument i s  used to  study 

the  B r i l lo u in  spec t ra  while the  l a t t e r  i s  used to  study the  q u a s i - e l a s t i c  

spectrum (the in te r fe rom e te rs  are  d iscussed  in more d e t a i l  below). The 

l i g h t  i s  focused by lens  L3, through a l a s e r  l i n e  f i l t e r  and pinhole  of 

s e l e c t a b l e  d iameter .  The i n t e n s i t y  o f  the  l i g h t  i s  measured by an I .T .T .  

FW-130 p h o tm u l t i p l i e r  tube maintained a t  1750 v o l t s  D.C. The e l e c t r i c a l  

pulses  emit ted  by the  pho tom ul t ip l ie r  a re  processed by a p re a m p l i f i e r -  

d i s c r im in a to r  module . The r a t e  a t  which the photoe lectons  a re  emitted
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(proport ional to  the  s c a t t e r e d  l i g h t ' s  i n t e n s i t y )  i s  measured e i t h e r  by 

a r a t e  meter,  whose outpu t  i s  then recorded on a s t r i p  c h a r t  r e co rde r ,  

o r  by the  PDP 8 minicomputer,  which has been programmed to  func t ion  as 

a multichannel ana lyse r .  The spectrum measured by the PDP 8 i s  then 

s to red  in memory and may be t r a n s f e r r e d  to  the  PDP 10 computer f o r  s to rage  

and a n a ly s i s .

(2) Lasers.

In these  exper iments,  two argon-ion l a s e r s  were used: a Spectra- 

Physics model 165 l a s e r  and Coherent Radiation model 52 l a s e r .  All
O

experiments were performed with X = 5145 A. I t  was found t h a t  the  Spectra- 

Physics l a s e r  ex h ib i ted  g r e a t e r  i n t e n s i t y  and mode s t a b i l i t y  while the  

Coherent Radiation l a s e r  showed a more narrow l i n e  width.

In making q u a s i e l a s t i c  (AVpWHM = 5MHz) measurements o f  the  l i g h t  

s c a t t e r i n g  spectrum i t  i s  important f o r  the  l a s e r  t o  maintain good 

frequency s t a b i l i t y .  Frequency d e s t a b i l i z i n g  events  to  be considered are  

multimoding, mode hopping, and frequency j i t t e r .  Mode sepa ra t ion  i s  t y p i c a l -  

lay  = 150 MHz. There fore ,  i f  more than one mode i s  o s c i l l a t i n g  a t  a given 

moment, each w i l l  appear as a sepa ra te  f e a tu re  in the  q u a s i e l a s t i c  spectrum. 

Mode hopping produces an abrupt change in both frequency and i n t e n s i t y .  

There fore ,  i t  i s  impor tant t o  mainta in  good s in g le  mode s t a b i l i t y .

Single mode opera t ion  i s  obta ined by a d ju s t in g  the t i l t  o f  an 

i n t r a c a v i t y  e ta lo n .  The S.P. l a s e r  uses an a i rspaced  e t a l o n ,  f o r  which 

t h i s  adjustment i s  s u f f i c i e n t  to  maintain mode s t a b i l i t y  f o r  periods  as long 

as an hour, a f t e r  the  l a s e r  has warmed up. However, the  C.R. l a s e r  uses a 

s o l i d  e ta lo n  which needs to  be temperature  c o n t ro l l e d  to  prevent changes 

in the  o p t ica l  path length  due to  the  temperature  dependence o f  the  e t a l o n ' s  

index o f  r e f r a c t i o n .  Temperature s t a b i l i t y  o f  about .01° C i s  requ ired  to
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90prevent mode hopping. Therefore  the  e ta lon  i s  housed in an oven with

hea te rs  and th e rm is te r  temperature sensors .  The e ta lon  i s  maintained a t

a cons tan t  temperature  ( .01° C) by a F isher  propor t ional  temperature

c o n t r o l l e r  (model No. 22).  A f te r  the  C.R. l a s e r  has warmed up f o r  2-3

hours ,  mode s t a b i l i t y  fo r  an hour can be achieved. At t h i s  po in t  the

i n t e n s i t y  s t a b i l i t y  i s  t y p i c a l l y  1 to  3 percent.

Frequency j i t t e r  is  the  modulation o f  the  l a s e r  frequency ( on

the  o rder  o f  10 MHz) due to  f l u c tu a t io n s  in the  l a s e r  cav i ty  length .

These f l u c tu a t io n s  a re  induced by acous t ic  v ib ra t io n s  o r ig i n a t in g  from

mechanical p e r tu rb a t io n s .  A c h i e f  source o f  these  p e r tu rb a t io n s  i s  be-
91li eved  to  be the  tu rb u len t  flow of  water around the  plasma tube.

(M. Vaughan (R.R.E Malvern) has repor ted  s t a b i l i t y  ~ 1 MHz by mounting

mir rors  s e p a ra te ly ,  i s o l a t e d  from tube and w a te r . )

An experimental e s t im ate  of  the  c h a r a c t e r i s t i c  time t  and amount 

o f  frequency s h i f t  a s so c ia ted  with the j i t t e r  (x ,  being the  t ime period 

during which the l a s e r  frequency wil l  hop a t  l e a s t  one t ime) was made 

by observing the  l a s e r  i n t e n s i t y  p r o f i l e  on a Tektronix 7514 s to rage  

o sc i l lo sc o p e .  The l a s e r  spectrum was scanned by the  Trope! spher ica l  

Fabry-Perot driven by the Coherent Optics Model 475 l i n e a r  ramp gener­

a to r .  The s ignal was de tec ted  by a photodiode. 'Snapshots '  o f  the  l a s e r  

p r o f i l e  were taken a t  d i f f e r e n t  sweep times T. We can d i s t in q u i s h  th ree  

d i f f e r e n t  cases f o r  these  measurements: (1) y  > > 1* The sweep r a t e  i s

f a s t  enough so th a t  i t  i s  not l i k e l y  t h a t  the  l a s e r  frequency w i l l  hop 

during a sweep. The o sc i l lo sco p e  would then measure an ins tan taneous  and 

narrow l a s e r  p r o f i l e .  (2) y  = 1. In t h i s  case i t  i s  probable t h a t  the  

l a s e r  frequency wil l  hop during a sweep and the  l a s e r  p r o f i l e  wi l l  e x h ib i t  

a s i g n i f i c a n t  d i s t o r t i o n .  (3) y  < < 1. The l a s e r  frequency w i l l  hop many
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times during a sweep o f  the  o sc i l lo sco p e  and the  o s c i l l o s c o p e  w i l l  d isp lay  

a long t ime averaged, broadened l a s e r  p r o f i l e .

Photographs r e p re se n ta t iv e  o f  many measurements, taken fo r  v a r i ­

ous sweep times T, a re  shown in f ig u re  2. The time sca le  (sec/cm) is  

given in each photograph and the  frequency sca le  i s  10 MHz per  cm. Figure 

( a ) ,  a t  the  f a s t e s t  time s c a l e ,  e x h ib i t s  a very sharp p r o f i l e ,  while f ig u re  

( e ) ,  a t  the  s lowest time s c a l e ,  e x h ib i t s  s i g n i f i c a n t  d i s t o r t i o n .  The t r a n ­

s i t i o n ,  corresponding to  case 2 occurs between (c) and (d).  Hence, we may 

es t im ate  t  to  be approximately x = 750ps ± 250ps.

The above measurements were made fo r  the  Coherent Radiation l a s e r  

with a 2 watt  plasma tube.  A typ ica l  number rep resen t ing  the ex ten t  o f  

the  frequency excurs ion i s  seen to  be approximately 10 MHz.

(3) In te r fe rom ete rs

(a) General Desc r ip t ion .

Two in te r fe rom ete rs  were used in these  experiments.  A pressure  

scanned plane p a r a l l e l  Fabry-Perot with a 2 cm spacer was used to  scan the  

B r i l lo u in  spectrum. This ins trument opera ted  with a f in e s se  t y p i c a l l y  

between 30 and 40 and a f r e e  s p a t i a l  range o f  7.5 GHz.

The q u a s i - e l a s t i c  spectrum was scanned by a spher ica l  Fabry-Perot.  

This in te r fe ro m e te r  has a m ir ror  separa t ion  o f  25 cm and f ree  spec t ra l

range of  300 MHz. The mir rors  a re  coated to  be 97% r e f l e c t i n g  a t
0

4880 -  5145A, y i e ld in g  a r e f l e c t i v i t y  l im i ted  f in e s se  o f  approximately 

50. The frequency scan i s  achieved by a m ir ro r  mounted on a p i e z o - e l e c t r i c  

pusher and driven by a ramp vo ltage  genera to r .

(b) Optical  Layout

The o p t ic a l  layout showing the  FPS and a ssoc ia ted  lens  i s  given in
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f ig u re  3.

(c) Throughputs.

The thorughputs o f  the  FPS and FPP (2 cm) were measured s ep a ra te ly  

and c o l l e c t i v e l y .  The throughput of the  FPS was measured by focusing the
O

l a s e r  beam (X = 5145 A) i n to  the  cen te r  o f  the  in te fe rom e te r .  The vo ltage  

across  the  p i e z o e l e c t r i c  pusher was ad jus ted  f o r  maximum t ransm iss ion  

and the  power o f  the  t r an sm i t ted  l i g h t ,  Pmax> was determined by a Coherent 

Radiation l i g h t  meter No. 212. The FPS was then removed and the  power

o f  the  d i r e c t  beam, P , was measured.
0 P

The th roughput,  T = p~ a* , was found to  be: Tppg = .27. The 

throughput o f  the  FPP was measured in a s im i l a r  manner and found to  be 

T p pp  ~ .33.

The r e l a t i v e  throughputs o f  the  FPS and FPP were determined by 

measuring the  peak count r a t e  f o r  s c a t t e r i n g  from Polys ty rene .  The l a s e r  

was opera ted a t  5145 A with 75 mW o f  power. The s c a t t e r e d  l i g h t  was a t ­

tenuated  by a #4 neu tra l  dens i ty  f i l t e r  and the pinhole  was s e t  to .7mm.

The c o l l e c t i o n  a p e r tu re  f o r  the FPS was 3 mm and the  ape r tu re  f o r  the  FPP 

was 1.0 cm ( typ ica l  va lues ) .  The r e l a t i v e  peak count r a t e  was found to  be:

Tmax
i = - £ £ £ .  4 6

Tmax
*FPP

B. Thermal Considera tions

The f e r r o e l e c t r i c  phase t r a n s i t i o n  in KDP occurs a t  approximately 

122°K. The q u a s i e l a s t i c  f e a t u r e s ,  near  T , under study a re  highly  tempera­

t u r e  dependent. There fore ,  i t  i s  important to  maintain  e x c e l l e n t  tempera­

t u r e  contro l  and s t a b i l i t y .  In the  following paragraphs ,  I wil l  d i scuss  the
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the  experimental  c o n s id e ra t io n s  r e l a t e d  to  these  two p o in t s .

(1) Dewar.

The app rop r ia te  temperatures  a re  achieved by a homemade dewar.
92The d e t a i l s  o f  t h i s  dewar can be found in the  t h e s i s  by Brody. Liquid 

n i t rogen  i s  used as a coo lan t .  I t  i s  convenient to  keep the  c r y s ta l  

a t  the  des i red  temperature  fo r  long periods  o f  t ime (severa l  days) so t h a t  

a s e r i e s  of  experiments can be performed. To t h i s  end a 100 l i t e r  (Cryo- 

fab)  l i q u i d  n i t rogen  dewar was purchased and connected to  the  sample 

dewar through a cryogenic so lenoid  valve (Cryofab). The solenoid  

i s  powered by a Cryo-miser model L-21C l i q u id  n i t rogen  level sensor .  The 

level o f  the  l i q u i d  n i t rogen  i s  determined by the  p o s i t io n  (he igh t)  of  

the  two sensors  ( th e rm is to r s )  and the  range i s  determined by the  sensor 

sep a ra t io n .  100 l i t e r s  o f  l i q u id  n i t rogen  w i l l  keep the  dewar cooled a t  

Tc f o r  a t  l e a s t  24 hours.

The temperature  s t a b i l i t y  i s  h ighly  s e n s i t i v e  to  the  level of  the  

n i t rogen  and i s  t h e re fo re  dependent upon the  sensor s epa ra t ion .  A sensor 

sepa ra t ion  of  2 mm and loca t ion  o f  6 cm from the  top of  the  dewar was 

found to  be c o n s i s t e n t  with a temperature  s t a b i l i t y  o f  1 m °K over a period 

o f  an hour. Cycling t ime f o r  t h i s  sensor spacing i s  t y p i c a l l y  20-30 minutes

(2) Temperature Control .

The dewar has two s e t s  of  heat ing  r e s i s t o r s ,  a 100ft s e t  and a 

175ft s e t .  The 175ft r e s i s t o r s  were connected to  a var iac  to  provide add i t ion  

al heating  power during the  cool ing down period when th e re  i s  a g rea t  deal 

o f  thermal momentum. The 100ft h e a te r  i s  connected to  the  ouput o f  an 

Artronix  model 5301 temperature  c o n t r o l l e r .  D e ta i l s  concerning the  opera­
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t ion  of  t h i s  u n i t  can be found in the  'Engineer ing Service and Maintenance 

Technical Manual' . Experience has shown t h a t  1 m° K s t a b i l i t y  over  a per iod 

o f  an hour can be achieved by running the Artronix  in the  p ropor t ional  mode 

with the 'power ou t '  s e t t i n g  a t  maximum, and the gain contro l  r e l a t i v e l y  

high,  a t  approximately the  10 o 'c lo c k  p o s i t io n .  Compatib il i ty  between the 

th ree  dewar temperature  sensors  (see Brody's t h e s i s )  and the  temperature 

range switches a re  given in the  t a b l e s  in the  manual. In the  v i c i n i t y  of  

T , an increment in the temperature  s e t  control  by the sm a l le s t  d iv i s io n  

corresponds to  a change in temperature  o f  approximately 50 m° K. A ten tu rn  

10n trimmer pot was connected in s e r i e s  with the  temperature  s e t  contro l  

to  f a c i l i t a t e  f ine  adjustments  in temperature .  Increments of 20 u n i t s  of 

the  trimmer pot w i l l  change the  temperature  o f  the  c ry s ta l  by approximately 

5 m° K.

(3) Temperature Measurement.
4

The temperature  measurement apparatus  is  d iscussed by Lagakos. The 

platinum r e s i s t a n c e  thermometer was moved to  the i n t e r i o r  o f  the  sample c e l l ,  

sea ted  in the  b a k e l i t e  mounting f o r  the  c r y s t a l ,  in o rder  t o  give a more 

accura te  r e p re se n ta t io n  o f  the  c r y s t a l ' s  ambient temperature .  The r e s i s ­

tance o f  the  thermometer and t h e r e f o r e ,  the  tempera ture ,  i s  determined 

by a J u l i e  po ten ten t iom eter  UPB-100, as d iscussed by Lagakos. A c h a r t  r e ­

corder was connected across  the  null  d e te c to r  meter to  monitor small

(1 m *K) f l u c tu a t io n s  in temperature .

(4) Sample Cel l .

The sample c e l l  i s  the  same as t h a t  used by Lagakos. However, i t  

was necessary  t o  develop a technique f o r  mounting the  windows so t h a t  upon 

cooling the  con t rac t in g  (b ras s )  sample c e l l  would not s t r a i n  the  windows 

and depolar ize  the  l a s e r  l i g h t .  The windows were mounted by epoxying
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an invar  r ing to  the  window sea t  and then epoxying the  window to  the 

invar  r ing .  The invar  and g la ss  have very low c o e f f i c i e n t s  o f  thermal 

expansion so t h a t  the  s t r a i n s  o r ig i n a t in g  a t  the  g l a s s - i n v a r  i n t e r f a c e  

a re  minimized. The forces  produced by the  con t rac t in g  b rass  a re  buffered 

by the  invar r i n g ,  thereby reducing the  e f f e c t  on the  quar tz  window. Arm­

s trong 271 epoxy i s  used and bes t  r e s u l t s  a re  obta ined by curing a t  200°F

in an oven fo r  h a l f  an hour. This procedure i s  i l l u s t r a t e d  in f igu re  V-4.

The complete temperature  c o n t ro l l i n g  appara tus i s  shown in f ig u re  V-5.

(5) Laser Heating of  the  Focal Volume.

A f u r t h e r  important thermal cons ide ra t ion  o f  the  experiment 

i s  the  heat ing o f  the  focal volume in the c ry s ta l  by the  l a s e r .  In 

appendix A a c a lc u l a t i o n  i s  done to  determine the  temperature  g rad ien ts  

in the  c ry s ta l  produced by the  l a s e r  beam. The c a lc u la t io n  es t im ates  

t h a t  f o r  a 100 mW l a s e r  beam in KDP near T , the  temperature  g rad ien t

across  the  focal volume is  l e s s  than 1 m °K. This i s  p r im ar i ly  due

to  the  transparency  o f  the  c r y s t a l .  There fore ,  al though the  q u a s i ­

e l a s t i c  fe a tu re s  near  Tc are  extremely temperature  dependent,  they may 

be observed with su b s ta n t i a l  l a s e r  powers without  s i g n i f i c a n t  thermal 

p e r tu rb a t io n .  Other r e s u l t s  o f  the  c a lc u la t io n  are  compared d i r e c t l y  

to  experiment.

c )M ate r ia ls

The c r y s t a l s  used in these  experiments a re  ta b u la ted  below. All 

c r y s t a l s  were c u t ,  by a wet s t r i n g  saw, f o r  s c a t t e r i n g  from the  x phonon 

Crystal  po l i sh ing  and sample p repa ra t ion  a re  e s s e n t i a l l y  the  same as d i s -
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4
cussed by Lagakos. S i l v e r  p a in t  (G.C E lec t ro n ic s ,  Divis ion o f  Hydro­

m e ta l s ,  I n c . ,  Rockford, I l l i n o i s )  e lec t ro d e s  were used f o r  KDP9 and KDP13.



Table I

OPTICAL
CRYSTAL MANUFACTURER ORIENTED QUALITY COMMENTS

KDP5 Isomet Corp. Oakland, 
N.J.  (1971) No longer  
manufactures KDP.

X-rayed in house poor,  high 
d e n s i ty  of  
v i s i b l e  i n c lu ­
s io n s ,  small 
cracks

, — .........................  .......................... ■■■■

Used in SCP sample 
dependent e x p e r i ­
ment, e x h ib i t s  
s t ro n g e s t  SCP

KDP7 Isomet Corp. (1972) X-rayed by 
manufacturer 
and in house

good, few
v i s i b l e
inc lus ions

Used in CP e x p e r i ­
ments by Lagakos 
(3) and Mermelstein 
(5).  Destroyed in 
1977.

KDP9

A

I n t e r a c t i v e  Rad. 
Northvale ,  N.J. 
(1977)

X-rayed by 
manufacturer

f a i r ,  some
v i s i b l e
inc lus ions

Third cys ta l  used in 
SCP sample depen­
dence experiments.  
SCP of  medium 
s t ren g th .  Destroyed 
in 1978.

KDP13 Lasermetr ics  Inc. 
Teaneck, N.J. 
(1977)

X-rayed by 
manufacturer

e x c e l l e n t ,
excep t io n a l ly
clean
s c a t t e r i n g
column

Used in SCP and DCP 
experiments o f  t h i s  
t h e s i s .



76

Chapter VI -  S t a t i c  Central  Peak - Experiment and I n t e r p r e t a t i o n

A. Experiment

1) Experimental setup

B r i l lo u in  spec t ra  were taken in the  x + z (y ,  x + z) - x + z 

s c a t t e r i n g  geometry with the  2 cm plane p a r a l l e l  Fabry-Perot i n t e r -
O

ferometer (FPP). The l a s e r  was run s in g le  mode a t  5145 A. Laser 

power during these  experiments was approximately 220 mW and was s t a b l e  

to  b e t t e r  than 5%.

2) Data reduction

The B r i l lo u in  s p e c t r a ,  d i g i t a l l y  recorded in a 512 poin t  a r ray  

by the  PDP 8 minicomputer,  were subsequenlty  analyzed by a computer 

a s s i s t e d  c u r v e - f i t t i n g  procedure ( to  be discussed  below). The measured 

spectrum was f i t  t o  the  convolution of  a parameterized t ransmiss ion 

func t ion  of  the  FPP, T(v),  with a parameterized th e o r e t i c a l  spec t ra l  

den s i ty  func t ion ,  S(v),  rep resen t ing  the  s t a t i c  cen t r a l  peak (SCP) and 

the  t r a n sv e r se  acous t ic  (T.A.) phonon.
go

The t ransm iss ion  func t ion  was gnera ted from the  Airy func t ion :

l l )  T ( w ) ’'  7 T F s r f i& t
SL

where F is  a parameter r e l a t e d  to  the  r e f l e c t i v i t y - l i m i t e d  f in e s se  

and 4>(v) i s  the  phase f a c to r  determining the  i n t e r f e r o m e te r ' s  reson­

ance cond i t ion .  Previous experiments have shown t h a t  the  c en t r a l  peak 

in the  p a r a e l e c t r i c  phase e x h ib i t s  no i n t r i n s i c  l inewid th .  24 There­

f o r e ,  the  p a r a e l e c t r i c  c en t r a l  peak was used to  determine the  para-
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meter F o f  the  ins trumental  l ineshape.

3) B r i l lo u in  Lineshape

The sp ec t ra l  dens i ty  func t ion  f o r  the  SCP plus  phonon i s  r e ­

presented by

(2) B

Ss (v) i s  the  spec t ra l  dens i ty  func t ion  f o r  the  SCP and i s  given by

S5o »  * A s C D f w
The c o e f f i c i e n t  (T) con ta ins  the  diverg ing  temperature  dependence.

The phonon sp ec t ra l  dens i ty  fu n c t io n ,  Sp (v)» i s  c o r r e c t l y  obta ined from 

a coupled mode a n a ly s i s  desc r ib ing  the  p i e z o e l e c t r i c  coupling o f  the  

f e r r o e l e c t r i c  s o f t  mode and the Xy shear  mode (T.A. phonon). ^ow-

ever ,  reasonable  f i t s  to  the B r i l lo u in  l ineshape  which provide approximate 

re p re se n ta t io n s  o f  the  in t e g ra te d  i n t e n s i t i e s ,  were obta ined by r e p re se n t ­

ing Sp (v) by a damped harmonic o s c i l l a t o r  response func t ion :

S^(v' )  * A p  3T*» ~ V x t  i V

where v0 i s  the  quasiharmonic frequency and rc i s  the  damping c o e f f i c i ­

en t .  The e l a s t i c  cons tan t  f o r  the  Xy shear mode, Cgg, i s  r e l a t e d  to  the 

p a r a m e t e r o by:

’  r
where: w0 = 2ir v„ » the  mass den s i ty  i s  p = 2.34 gm/cm and the  square

2 1 0 - 2  of  the  momentum t r a n s f e r  i s  q = 6.71 x 10 cm . The i n te g ra te d  i n ­

t e n s i t i e s  o f  the  SCP and phonon peaks were taken to  be p ropor t ional  to  

the  a reas  under S' (v) and S' (v) r e s p e c t i v e l y ,  fo r  one f r ee  spec t ra lb p

range,  where S' (v) i s  the  convoluted spectrum S M $ T ( v ) .
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4) C u r v e - f i t t in g  Procudure

Several B r i l lo u in  spec t ra  were analyzed by convoluting the 

parameterized sp ec t r a l  dens i ty  func t ion  S (v) with the  parameterized 

t ransmiss ion  func t ion  T (v) and ad ju s t in g  the  parameters to  produce a 

bes t  n o n - l in ea r  l e a s t  squares f i t .  This was done with the  Tauros p ro­

gram. However, t h i s  procedure was found to  requ i re  an excess ive  amount 

of  computer t ime. There fore ,  the  m ajo r i ty  o f  the  spec t ra  were f i t  by 

a simpler computer-ass is ted  c u r v e - f i t t i n g  procedure.  I n i t i a l  guesses 

to  the  parameters values were made. A v isual comparison was then made 

between the  r e s u l t a n t  convoluted spectrum and the  experimental  spectrum. 

The parameters were read jus ted  to  improve the  f i t .  In t h i s  manner bes t  

values fo r  the  parameters were obta ined t h a t  d i f f e r e d  by l e s s  than 10% 

from those obtained with the Tauros non l inea r  l e a s t - s q u a re  f i t t i n g  rou­

t i n e .  Several Tauros runs ,  on s e le c ted  s p ec t ra  with d i f f e r e n t  i n i t i a l  

parameter va lues ,  were made in order  to  e s t im ate  the  e r r o r  a ssoc ia ted  

with the parameter values obta ined from the  c u r v e - f i t t i n g  procedure.

B. Experimental Results

1) Temperature dependence

Figure 1 shows the  i n t e n s i t i e s  observed in the  B r i l lo u in  spec t ra  

o f  a KDP c r y s t a l .  Shown a re  the  in te g ra te d  i n t e n s i t i e s  o f  the  Rayleigh 

l in e  and long i tud ina l  phonon t h a t  appear in the  p o la r ized  s c a t t e r i n g  and 

the  cen t r a l  peak and t r a n sv e r se  acous t ic  phonon t h a t  appear in the  de­

p o la r ized  s c a t t e r i n g .  The i n t e n s i t i e s  are  p lo t t e d  (on a log-1og s ca le )  

as a function o f  T - T0a over the  temperature  range T£ < T - T0° < 100°K. 

T0° i s  the  f r ee  Curie temperature and Tc i s  the  t r a n s i t i o n  temperature .
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f i g .  VI-1 In te g ra te d  I n t e n s i t i e s  o f  the  p o la r i z ed  and 
depo lar ized  components o f  the  B r i l l o u in  S c a t t e r in g  
spectrum. In p a r t i c u l a r ,  th e  tempera ture  dependence 
o f  the  p a r a e l e c t r i c  S t a t i c  Central  Peak and the  
■Xyshea r  mode i n t e n s i t i e s -  a r e shown;— I n t en s i t i e s are  
in a r b i t r a r y  u n i t s  and measured r e l a t i v e  to cons tan t  
l a s e r  i n t e n s i t y .
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The t r a n s i t i o n  temperature was i d e n t i f i e d  with .025°K p rec i s io n  as

th e  temperature  a t  which the  B r i l lo u in  components suddenly move out from

the  cen t r a l  component, s i g n a l l i n g  the t r a n s i t i o n  to  the  f e r r o e l e c t r i c

phase. The d i f f e r en c e  between Tca and T , f o r  the  f i r s t  o rder  t r a n s i -
95t i o n ,  i s  taken from the  d i e l e c t r i c  data  o f  Western e t  a l .  They 

found: Tc -  To0 = 0.041 ± 0.010°K. (There i s  considerab le  discrepancy

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

For T - T0o 2- 10°K, the  Rayleigh peaks f o r  both the p o l a r ­

ized and depolar ized  s c a t t e r i n g  a re  seen to  inc rease  as T inc reases .

The r e l a t i v e  i n t e n s i t i e s  of these  f e a tu re s  with re spec t  to  the  phonon
2

modes and t h e i r  apparent T temperature  dependence suggest  t h a t  they may
5

be due to  normal d i e l e c t r i c  coupling to  the  entropy f lu c tu a t io n s .

The L.A. phonons show some smal l ,  unexpected inc rease  in i n t e n s i t y .

For T -  T0a < 10°K ca re fu l  da ta  e x h ib i t in g  the  growth in i n t e n s i t i e s  

o f  the  Xy shear mode and s t a t i c  c en t r a l  peak a re  shown. For a la rge  

por t ion  o f  the  temperature  range,  both i n t e n s i t i e s  grow as (T - T0a )"m 

where m * 1.0 f o r  the  T.A. phonon and m = 1.7 f o r  the  SCP.

2) E l e c t r i c  f i e l d  dependence

The e l e c t r i c  f i e l d  dependence of  the  SCP in the  p a r a e l e c t r i c

phase was measured u t i l i z i n g  the  spher ica l  Fabry-Perot.  D e ta i l s  of

t h i s  experiment a re  d iscussed  in Chapter VII in the  sec t ion  concerning

the  e l e c t r i c  f i e l d  dependence o f  the  dynamic cen t r a l  peak. E l e c t r i c  f i e l d

measurements o f  the  SCP were p revious ly  done by Lagakos. However, the

FPP in te r fe ro m e te r  used in h is  experiments was unable to  sepa ra te  the
4 96i n e l a s t i c  and e l a s t i c  c en t r a l  peaks. ’ Figure 2 i s  a p l o t  o f  

the  SCP i n t e n s i t y  as a function of  e l e c t r i c  f i e l d  f o r  severa l  temperatures
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f i g .  VI-2 E l e c t r i c  F ie ld  dependence o f  the  SCP i n t e g r a t e d  i n t e n s i t y  
f o r  T>T • In te g ra te d  i n t e n s i t i e s  a re  measured in a r b i t r a r y  
u n i t s  aifd a re  r e l a t i v e  to  a cons tan t  l a s e r  i n t e n s i t y .
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close  to  T . Notice t h a t  the  i n t e n s i t y  f i r s t  inc reases  with  inc reas ing
v

e l e c t r i c  f i e l d  and then ra p id ly  f a l l s  o f f .  The peak i n t e n s i t y  occurs 

a t  smal ler  e l e c t r i c  f i e l d s  f o r  temperatures c lo se r  to  T .

3) Sample dependence

Experiments on th re e  c r y s t a l s  purchased from d i f f e r e n t  f irms

e xh ib i ted  a sample dependence in the  i n t e n s i t y  o f  the  SCP. Data from

two experiments a re  shown in f ig u re s  3 and 4. Both experiments

were performed with i d e n t i c a l  experimental  cond i t ions .  Figure 3 shows

the  T.A. phonon B r i l lo u in  i n t e n s i t y  f o r  KDP5 and KDP13 as a function

of temperature .  The measured t r a n s i t i o n  temperature ,  a t  a l a s e r  power

of  220 mW, f o r  KDP13 was T = 121.561 ± .026°K and fo r  KDP5 was

T ^  = 121.661 ± .030°K ( f o r  l a s e r  power co r re c t io n s  to  T , see c c
Appendix A). For T > 121.8°K both c r y s t a l s  e x h ib i t  approximately the 

same B r i l lo u in  i n t e n s i t y  f o r  a given temperature ,  support ing the  s e l f -  

cons is tency  of  the  two experiments.  Near 121.7°K the re  appears to  be 

some dev ia t ion  in the  B r i l lo u in  i n t e n s i t y .  Fig.  4 i s  a semi-log p lo t  

o f  the  SCP i n t e n s i t y  vs temperature  f o r  the  two c r y s t a l s .  Since the  

SCP i n t e n s i t y  inc reases  by approximately th re e  orders  o f  magnitude in 

the  range 0 < T -  T£ < 2°K, the  high temperature c o n t r ib u t io n  to  i t s  

t o t a l  i n t e n s i t y  i s  n e g l ig ib l e  c lo se  to  T . Fig.  4 c l e a r l y  shows t h a t  

the  SCP in KDP5 i s  s i g n i f i c a n t l y  s t ronge r  than t h a t  o f  KDP13.

C. I n t e r p r e t a t i o n

1) Axe Model

The experimental r e s u l t s  concerning the  SCP a re  in t e r p r e t e d  in
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terms o f  the  de fec t  model due to  Axe e t  and the  equ iva len t
12' f rozen  d e fe c t '  model o f  Halperin and Varma, as d iscussed  in chap te r  

I I .  The presence o f  d e f e c t s ,  in an otherwise  p e r f e c t  l a t t i c e ,  may in ­

duce s t a t i c  d i s t o r t i o n s  in the  Xg shear s t r a i n .  The amplitude o f  the 

s t r a i n  i s  r e l a t e d  to  the  Four ier  component of  the impurity-induced 

fo rce  f i e l d  Fg (q) by

F c H ’'
( 3 ) r

c e .  t

where CggE’T i s  the  isothermal e l a s t i c  cons tan t  a ssoc ia ted  with the  Xy shear 

mode. The e l a s t i c  cons tan t  i s  taken to  be isothermal ( r a th e r  than 

a d i a b a t i c )  because any temperature  g rad ien t  induced by a s t a t i c  d i s t o r ­

t io n  wil l  be r e l i e v ed  by heat conduction ,  independent o f  the  thermal 

phonon re la x a t io n  time.

(a) Temperature dependence
,2The i n t e n s i t y  o f  the  SCP i s  expected to  grow as:  I g « |<  Xg> | '

E
66

m w T

(4> *   e t T I l,

C T
so t h a t  i t s  development i s  p r im ar i ly  governed by C

< c t ; - ' )

E T 2Equation (4) p re d ic t s  t h a t  I g (Cgg * ) w i l l  be cons tan t  as a function

o f  temperature .  The B r i l lo u in  measurements determine the  a d ia b a t i c  e l a s -
E T E St i c  cons tan t .  However, C * and C ’ a re  expected to  be the  same in the 

p a r a e l e c t r i c  phase. 92 Fig. 5 i s  a p lo t  o f  I $ (CggE,T)2 vs (T - To0 ) 

where I g and CggE’T a re  taken from the  computer f i t  to  the  B r i l lou in
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spectrum. Over the  bulk o f  the  temperature  range t h i s  p lo t  y i e ld s  a 

ho r izon ta l  l i n e  v e r i fy in g  the  SCP temperature  dependence p red ic ted  by

(4)

(b) E l e c t r i c  f i e l d  dependence

The e l e c t r i c  f i e l d  dependence o f  the  isothermal e l a s t i c  constan t
92has been discussed  in Chapter I I I  (see f ig u r e  111-12) and by Brody. 

Applicat ion o f  an e l e c t r i c  f i e l d  in the  p a r a e l e c t r i c  phase,  c lose  to  the  

c r i t i c a l  tempera ture ,  w i l l  i n i t i a l l y  cause an inc rease  in the  isothermal 

s t a t i c  s u s c e p t i b i l i t y  e0 ,T . The isothermal e l a s t i c  compliance (CggE,T) 

will  a l so  e x h ib i t  a corresponding inc rease  and the  c r y s t a l  w i l l  so f ten .

As the  e l e c t r i c  f i e l d  i s  increased f u r t h e r ,  the  s t a t i c  s u s c e p t i b i l i t y  

as well as the  e l a s t i c  compliance wi l l  decrease  and the  c r y s t a l  wil l  harden. 

These r e s u l t s ,  along with eq. (4) p re d ic t  t h a t  the  SCP i n t e n s i t y  will  

f i r s t  inc rease  with inc reas ing  e l e c t r i c  f i e l d ,  peak a t  the  c r i t i c a l  

e l e c t r i c  f i e l d  and c r i t i c a l  tempera ture ,  and then decrease .  This be­

havior i s  shown in the  experimental r e s u l t s  o f  Fig. 2. The SCP e l e c t r i c  

f i e l d  da ta  in d ic a te  t h a t :

Tc r  - Tc < •043° K 

Ec r  < 154 V/cm
More isothermal curves o f  I g vs E c lo s e r  to  Tc a re  required  to  obta in  a 

more accura te  measurment o f  the  c r i t i c a l  temperature  and e l e c t r i c  f i e l d s  

as determined by CggE,T .

2) Non-linear Axe Model

(a) E l a s t i c  p o te n t i a l  energy

Eq. (1) p re d i c t s  t h a t  c lose  t o  the  t r a n s i t i o n  temperature the
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s t a t i c  d i s t o r t i o n  in the s t r a i n  coord ina te  w i l l  become very la rge .  In 

t h i s  case i t  may be necessary  to  include  the  f i r s t  anharmonic c o n t r ib u ­

t io n  to  the  phonon p o te n t i a l  energy allowed by the  c r y s t a l  symmetry.

The phonon p o te n t i a l  energy would then be

( 5 ) V  1 i c , , * *  + - i j -  c , x y

where c0 rep re sen ts  the  harmonic e l a s t i c  cons tan t  and Cj rep re sen ts  the  

lowest order  anharmonic c o n t r ib u t io n  to  the e l a s t i c  p o te n t i a l  energy.

In equ i l ib r ium ,  the  de fec t - induced  force  F can then be w r i t t en  as :

(6 ) ^  *  C o  X  t

Far from T , the  n o n - l i n e a r  co n t r ib u t io n  to  the r e s to r in g  force  i s  ex­

pected to  be n e g l i g i b l e ,  in which case

r
m  < * >  -  T o

However, c lo se  to  T , c0 approaches zero so t h a t  the  non - l inea r  e f f e c t s  

dominate. We then have j

Therefore ,  the  s t a t i c  cen t ra l  peak i n t e n s i t y ,  which i s  p ropor t ional  to  
2

<x> , i s  expected to  be determined by the  so f ten ing  o f  the  Cgg e l a s t i c  

cons tan t  as T£ i s  approached, and i s  then expected to  s a t u r a t e  due to  

n o n - l in ea r  c o n t r ib u t io n s  to  the  r e s to r in g  fo rce .  Other s a tu r a t i o n  mech­

anisms may be s i g n i f i c a n t  near  T , such as i n t e r f e r e n c e  o f  s t r a i n  f i e l d s  

from neighboring de fec t  s i g h t s .

(b) E f fec t ive  E la s t i c  Constant

The e f f e c t i v e  e l a s t i c  cons tan t  c 1, which determines the acous t ic
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phonon frequency a )(T .A.) ,  i s  determined from

Use of  equations  (7) and (8) y i e l d

3 C#F

( 10)

Co + 3 (C ? F )'/3 “T ^ T c +

Although the  l i n e a r  e l a s t i c  cons tan t  c» i s  near ly  equal to  zero a t  

Tc ( fo r  a f i r s t  o rder  t r a n s i t i o n ) ,  the  renormalized e l a s t i c  constan t

These s a tu r a t i o n  e f f e c t s  were looked f o r  in our experiments 

but were not seen.  Presumably t h i s  i s  because the  f i r s t - o r d e r  t r a n s i t i o n  

occurs before  c Q becomes s u f f i c i e n t l y  small f o r  the  non l inea r  terms to  

become s i g n i f i c a n t .

D. Conclusion

In conclus ion ,  the  SCP in p a r a e l e c t r i c  KDP has been cha rac te r ized  

in terms o f  i t s  temperature  and e l e c t r i c  f i e l d  dependence. The r e s u l t s  

have been compared to  the  s t a t i c  d e fe c t  model of  Axe e t  a l .  and of  Hal- 

per in  and Varma. I t  was found t h a t  a defec t - induced  s t a t i c  d i s t o r t i o n  in 

the  Xg shear  s t r a i n  can account f o r  both the  temperature  and e l e c t r i c  

f i e l d  dependence. A sample dependence to  the  SCP s t r e n g th  has been measured

c 1 wi l l  s a tu r a t e  a t  3 ( c ^ F ) ^  .
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in commercially a v a i l a b l e  c r y s t a l s .  This observation  i s  support ive  

o f  de fec t  i n t e r p r e t a t i o n s .  Poss ib le  non l inear  e f f e c t s  to  the  SCP growth 

and the  Cgg e l a s t i c  cons tan t  have been considered ,  however t h e i r  p re ­

sence has not been observed to  with in  experimental  e r r o r .  Recently,
25Courtens has shown t h a t  the  SCP peak can be removed by annea l ing ,  

s t rong ly  sugges ting t h a t  t h i s  f e a tu re  o r ig i n a t e s  from l a t t i c e  imperfec­

t i o n s .



91

VII.  Dynamic C entral Peak -  Experiment

A. In t roduct ion

In 1977 a dynamic c en t r a l  peak (DCP), of  width-50MHz was ob­

served in the depolar ized  l i g h t  s c a t t e r i n g  spectrum of  KI^PO^. The 

DCP peak, f o r  zero e l e c t r i c  f i e l d ,  i s  seen only in the  f e r r o e l e c t r i c  

phase wi th in  -0 .1  K of  the  t r a n s i t i o n .  In t h i s  chap ter  I w i l l  p resen t  

more ex tens ive  data  c h a r ac te r i z in g  the  temperature  and e l e c t r i c  f i e l d  

dependence o f  the  DCP i n t e n s i t y  and l inewid th .  Our pre l iminary  r epo r t  

of  t h i s  new peak was published in Phys. Rev. B16, 2177 (1977). ^

B. Experiment

1) General Procedure

The experimental conf igura t ion  i s  the  same as t h a t  employed 

to  study the  SCP and T.A. phonon, as d iscussed  in chap ter  VI. However, 

the  spectrum was analyzed with the  25 cm p i e z o e l e c t r i c a l l y  scanned spher ica l  

Fabry-Perot in te r fe ro m e te r  (FPS). This in te r fe ro m e te r  has a f r ee  sp ec t ra l  

range o f  300 MHz and re so lu t io n  o f  approximately 5 MHz.

2) Data Reduction

The FPS s p e c t r a ,  d i g i t a l l y  recorded by the  PDP-8E minicomputer, were 

analyzed by convoluting an exper imentally  measured ins trument p r o f i l e  with 

a parameterized th e o r e t i c a l  function and ad ju s t in g  the  parameters to  

produce a b e s t  non l inea r  l e a s t - s q u a re s  f i t  t o  the  experimental da ta .

Our previous  experiments e s ta b l i s h e d  t h a t  f o r  zero e l e c t r i c  f i e l d  

the  DCP appears only in the  f e r r o e l e c t r i c  phase.  ® Furthermore, the  

s t a t i c  cen t r a l  peak, appearing in the  p a r a e l e c t r i c  phase c lose  to  the 

t r a n s i t i o n  i s  be lieved to  r e s u l t  from a s t a t i c  d e fec t  mechanism ^  and
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t h e re fo re  e x h ib i t s  no i n t r i n s i c  l inewid th .  There fore ,  i t  i s  convenient 

to  exper imentally  determine the  FPS instrument  p r o f i l e  by measuring the 

s t rong SCP in the p a r a e l e c t r i c  phase c lose  to  T .

The parameterized t h e o r e t i c a l  sp ec t ra l  dens i ty  func t ion ,  S(v),  

which we used to rep resen t  in the  l i g h t  s c a t t e r i n g  spectrum observed 

with the  FPS i s :

where v i s  the  frequency in Hertz.

The f i r s t  term o f  (1) rep re sen ts  the  temperature  dependent SCP 

which a lso  appears in the  f e r r o e l e c t r i c  phase. B' i s  a temperature  depen­

dent background which inc ludes  the B r i l lo u in  components. The second 

term i s  a Lorentzian o f  ha lfwid th  r c rep re sen t in g  the  new DCP.

3) Temperature Dependence of  the  DCP I n te n s i ty  and Linewidth

(a) Procedure

In t h i s  experiment the temperature  dependence o f  the  DCP in t e n ­

s i t y  and l inew id th ,  fo r  zero e l e c t r i c  f i e l d ,  was measured. The DCP 

appears in the  temperature  region: 0 < Tc - T < 0.1°K and i t s  i n t e n s i t y  

i s  s t rong ly  temperature  dependent c lose  t o  Tc~. Therefore  the  c ry s ta l  

was cooled to  approximately 0.2*K below Tc and allowed to  come to  t h e r ­

mal equ i l ib r ium .  The temperature  was subsequently  increased  slowly 

( t y p i c a l l y  by 0.005 to  0.010 K increments) towards T . A f te r  each temp­

e r a t u r e  incredment the  c ry s ta l  was allowed to  come to  thermal equ i l ib r ium  

as ind ica ted  by the thermometer. This would take t y p i c a l l y  20-30 minutes 

Once the  temperature  s t a b i l i z e d ,  th ree  FPS sp ec t ra  were taken over a per 

iod o f  about 10 min. to  insure  t h a t  the  c r y s t a l  had reached thermal equil  

brium. This procedure was continued as T was gradua l ly  increased up 

through the  t r a n s i t i o n .  The t r a n s i t i o n  temperature  Tc was

( 1)

c
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taken to  l i e  between the  temperatures  corresponding to  the  l a s t  spec t ra  

e x h ib i t in g  the  DCP and the  f i r s t  spec t ra  with no DCP. The two p r i n ­

c ip l e  f e a tu re s  o f  the  DCP spec t ra  which lend themselves to  a na ly s is  

a re  the  DCP i n t e n s i t y  and l inewid th .  They are  d iscussed below.

(b) In te n s i ty

Figure 1 i s  a log- log  p l o t  o f  the  DCP i n t e n s i t y  as a function 

o f  Tc - T. Shown are  the  r e s u l t s  o f  two separa te  experiments (78AS and 

78AV) performed on the  same c r y s ta l  (KDP13) under id e n t i c a l  experiment­

al  cond i t ions .  The i n t e n s i t i e s  shown are  in a r b i t r a r y  u n i t s  and are  

measured r e l a t i v e  to  a cons tan t  l a s e r  i n t e n s i t y  as measured by a s o l a r  

c e l l  and s t r i p  c h a r t  recorder .  Several non l inea r  l e a s t - s q u a re s  f i t t i n g  

runs ,  with d i f f e r e n t  i n i t i a l  parameter va lues ,  were made on each of 

th ree  spec t ra  corresponding to  a s in g le  temperature.  The bes t  f i t s  

f o r  each o f  the  th ree  spec t ra  were re t a in e d .  The i n t e n s i t y  e r r o r  bars  

correspond to  the  s tandard  dev ia t ion  o f  the  in te g ra te d  i n t e n s i t i e s  

f o r  these  th re e  f i t s .

The temperature  e r r o r  bars  p r im ar i ly  r e s u l t  from the  u n ce r ta in ­

ty  in the  determination o f  the  t r a n s i t i o n  temperature T . For e x p e r i ­

ments 78AS and 78AV the  t r a n s i t i o n  temperatures  were determined with 

a p rec i s ion  of  ±0.005°K and ±0.010°K r e s p e c t iv e ly .  Other co n t r ib u t io n s  

to  the  temperature  e r r o r  bars a re  due to  the  temperature  c o n t r o l l i n g  

e l e c t r o n i c s  and n i t rogen  dewar (see Chapter V) and l a s e r  heating  e f f e c t s  

(see Appendix A). The DCP i n t e n s i t y  i s  seen to  e x h i b i t  a logar ithmic  

dependence. The i n t e n s i t y  grows as Ip ~ (T - T)"m with m * 1.1 fo r  

0 < Tc - T <0 • 1°K.
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(c) Rela t ive  I n t e n s i t y  o f  the  DCP and Xy Shear Mode 

In a s epara te  experiment,  the  B r i l lo u in  spec t ra  of  KDP was meas­

ured in the  f e r r o e l e c t r i c  phase c lose  to  Tc with  the  FPP. The experiment­

al procedure and data a n a ly s i s  were performed in the  same manner as 

d iscussed  in chap te r  VI f o r  measurements o f  the  SCP. From these  measure- 

metns the  i n t e g ra te d  i n t e n s i t i e s  o f  the  B r i l lo u in  components, 2TD (cor-
D

responding to  the T.A. phonons), and the  combined i n t e n s i t y  o f  the  SCP

and DCP ( I c = I,. + 1^) a re  obta ined.  (The FPP cannot sepa ra te  the  SCP

and DCP). Again, these  i n t e n s i t i e s  a re  measured r e l a t i v e  to  a cons tan t

l a s e r  i n t e n s i t y .  In Figure 2 the  i n t e n s i t y  o f  the  B r i l lo u in  components

in the  f e r r o e l e c t r i c  phase a re  p lo t t e d  as a func t ion  o f  T - T. Figure

3 i s  a p l o t  o f  the  SCP plus  DCP i n t e n s i t y  in the  f e r r o e l e c t r i c  phase

as a func t ion  of  T - T.c
Analysis of  the  experiments u t i l i z i n g  the  FPS to  measure the

DCP i n t e n s i t y  (78AS, 78AV discussed  above) a l so  y i e l d s  values  f o r  the
l Si n t e n s i t y  r a t i o  a  o f  the  SCP and DCP where a  = -=— • Figure 4 i s  a p lo t
D

o f  a  as a func t ion  o f  T - T. The e r r o r  a ssoc ia ted  with a  r e s u l t s  fromc
the  e r r o r  in I<. and IQ and i s  t y p i c a l l y  20%. A smooth curve was drawn 

through the data  po in ts .  This curve serves  to c a l i b r a t e  the  r e l a t i v e  

weights o f  the  SCP and DCP. ( I t  should be r e c a l l e d  t h a t  a  i s  a sample 

dependent parameter s ince  i t  i s  r e l a t e d  to  the  de fect - induced  SCP).

Having determined a  the  r e l a t i v e  i n t e n s i t i e s  o f  the  DCP and Xy shear 

mode can be found from

’d -  _1_ ' c
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In te g ra te d  i n t e n s i t i e s  a re  in a r b i t r a r y  u n i t s  and a re  measured 
r e l a t i v e  t o  th e  l a s e r  i n t e n s i t y . tosj
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f i g .  VI1-4 R e la t iv e  i n t e g r a t e d  i n t e n s i t i e s  o f  the  s t a t i c  and dynamic c e n t r a l  peaks ,  in the  
f e r r o e l e c t r i c  phase ,  c lo se  to  T as measured by the  FPS. Closed c i r c l e s  and open 
c i r c l e s  i n d i c a t e  s ep a ra te  experiments on the  6ame c r y s t a l .
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Table I l i s t s  the  r e s u l t s  o f  t h i s  experiment f o r  *D :

Table I

V T a V a B
0.010 0.90±.2 4 .51 .9

0.016 0 .6 5 ± .1 4 .01 .8

0.020 0 .6 0 ± .1 3.31.7

0.027 0 .5 5 ± .1 5 . 7 H . 1

0.036 0 .5 5 ± .1 4 . 8 H . 0

0.047 0 . 57±. 1 4 .41 .8

0.060 0 .6 8 ± . l 3 .41.7

Errors in a re  due to  e r r o r s  in a ,  1^, and 2Tg and are  est imated
B

to  be approximately 20%.

(d) DCP Linewidth

The computer f i t  o f  experiments 78AS and 78AV y i e l d s  the  DCP 

linewid th  ( fu l lw id th  a t  h a l f  maximum, FWHM) as a function o f  T£ - T. 

Figure 5 i s  a p lo t  of  the  DCP l inew id th ,  AVp^, vs T£ -  T. For 0 < Tc -T 

-0 .1°K,  the  l inewid th  l i e s  in the  range 55MHz -  A V p ^  -  85 MHz. Error 

bara f o r  AVpWHM and Tc -  T were obta ined in the  same manner as those fo r  

I Q. Except f o r  the  one data  po in t  c l o s e s t  to  T , the  l inewid th  e x h ib i t s  

a small decrease  as T i s  approached.

4) E l e c t r i c  F ie ld  Dependence

In o rder  to  in v e s t ig a te  the  e f f e c t  o f  an e l e c t r i c  f i e l d  on the
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f i g .  VI1-5 Dynamic Central  Peak l inew id th  ( f u l l  width a t  h a l f  maximum) 
measured in the  f e r r o e l e c t r i c  phase c lo se  to  Tc with E=0. 
Closed c i r c l e s  and open c i r c l e s  i n d i c a t e  s ep e ra te  experiments 
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DCP, the  c ry s ta l  was cooled to  a temperature  j u s t  above T . The t r a n s i t i o n  

temperature  was determined in  a previous  run (78BF) with ±0.009°K p rec i s io n .  

This was done by noting the  temperature  a t  which the  DCP f i r s t  appears 

upon cooling through the t r a n s i t i o n  with E = 0. At a cons tan t  tempera­

t u r e ,  a voltage  was applied  to  the  s i l v e r  pa in t  e le c t ro d e s  on the  z faces  

o f  the  c r y s t a l .  The a p p l ic a t io n  of  an e l e c t r i c  f i e l d  to  the  c ry s ta l  will  

cause a change in the c ry s ta l ' s  temperature  due to  the  e l e c t r o c a l o r i c  

e f f e c t .  Therefore the  c ry s ta l  was allowed to  come to  thermal equ i l ib r ium  

with  the  temperature  bath f o r  3-5 minutes. A s a f e r  wai t ing  t ime would 

be 15-20 minutes. 88

A p lo t  of  DCP i n t e n s i t y  as a function of  e l e c t r i c  f i e l d  is

shown in Figure 6 f o r  four  temperatures c lose  to  T . The sp ec t ra  were0
analyzed by the  computer-ass is ted  c u r v e - f i t t i n g  procedure,  as d iscussed 

in chap te r  VI, f o r  the  sp ec t ra l  dens i ty  (1) .  The DCP appears in the  

p a r a e l e c t r i c  phase with the  a p p l ic a t io n  of an e l e c t r i c  f i e l d .  As the  

e l e c t r i c  f i e l d  i s  inc reased ,  the  DCP i n t e n s i t y  f i r s t  inc reases  and then 

decreases .  The peak i n t e n s i t y  inc reases  as the  temperature  approaches 

T . There was no apparent e l e c t r i c  f i e l d  dependence to  DCP l inewid th .

C. Conclusion

In summary, the  temperature  and e l e c t r i c  f i e l d  dependence o f  

the  DCP has been c h a rac te r iz ed .  The i n t e n s i t y ,  f o r  E = 0 ,  inc reases  

as Tc i s  approached from below the t r a n s i t i o n .  This temperature depen­

dence i s  well described by ID - (T - T)"m with m * 1.1.  The i n t e n s i t y  

of  the  DCP is  found to  be t y p i c a l l y  f ive  times g r e a t e r  than the  combined 

i n t e n s i t y  o f  the  two B r i l lo u in  components a s so c ia te d  with the  Xy mode.
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f i g .  VI1-6 In te g ra te d  i n t e n s i t y  o f  the  dynamic c e n t r a l  peak f o r  T>T
in the  presence  o f  an e l e c t r i c  f i e l d .  Measurements were fiade 
with the  FPS. I n t e n s i t i e s  a re  in a r b i t r a r y  u n i t s  and a re  r e l a t i v e  
to  the  l a s e r  i n t e n s i t y .  So l id  l i n e s  connect  da ta  p o in t s  corresponding 
t o  a co n s tan t  tempera ture .

oro
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The l inewid th  o f  the  DCP was found to  be in the  range 55 MHz - Av - 

85 MHz e x h ib i t in g  l i t t l e  temperature dependence. However, a pro­

nounced e l e c t r i c  f i e l d  dependence to  the  DCP i n t e n s i t y  has been observed 

f o r  the  f i r s t  t ime. These fe a tu re s  wi l l  be d iscussed and in t e r p re te d  

in the fol lowing chap ter .
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Chapter VIII  - Dynamic Central  Peak - I n t e r p r e t a t i o n

I .  In t roduc t ion

The presence o f  a dynamic c e n t r a l  peak in th e  f e r r o e l e c t r i c  phase c lose  

to  the  t r a n s i t i o n  tempera ture  i s  unders tood to  r e s u l t  from the  i n t e r a c t i o n

o f  th e  thermal d i f f u s io n  mode and th e  f e r r o e l e c t r i c  s o f t  mode due to  the
5

tempera ture  dependence o f  th e  spontaneous p o l a r i z a t i o n .  In t h i s  ch ap te r  

the  tempera ture  and e l e c t r i c  f i e l d  dependence o f  the  DCP i n t e n s i t y  and l i n e ­

wid th ,  as p re sen ted  in ch ap te r  VII,  a re  i n t e r p r e t e d .  The a n a ly s i s  o f  the  

i n t e n s i t i e s  can be most e a s i l y  accomplished^via thermodynamic f l u c t u a t i o n  

theory  which leads  t o  p re d i c t i o n s  t h a t  can be eva lua ted  us ing the  ex tens ive  

thermodynamic da ta  a v a i l a b l e  f o r  KDP. A two-coupled mode p i c t u r e  (where the  

thermal d i f f u s io n  mode and f e r r o e l e c t r i c  s o f t  mode a re  coupled via  the  spon­

taneous p o l a r i z a t i o n )  leads  to  a p re d ic t io n  f o r  the  DCP l inew id th  t h a t  can 

be compared with exper iment .

I I .  I n t e n s i t y  Analysis

A. DCP I n t e n s i t y ,  E = 0

The i n t e n s i t y  o f  l i g h t  s c a t t e r e d  by thermodynamic f l u c t u a t i o n s  in 

condensed m a t te r  i s  convenien t ly  r ep resen ted  by the  Rayleigh r a t i o  ( d i f f e r e n ­

t i a l  c ro s s  s ec t io n  per u n i t  volume) as developed in Chapter I I :

R -  £  v « e s  • « • , “ * • ( 1 )

where X i s  the  wavelength o f  the  i n c id e n t  l i g h t  in the  medium, V i s  the  

s c a t t e r i n g  volume, e c and es a re  u n i t  p o l a r i z a t i o n  vec to rs  o f  the  in c id e n t  

and s c a t t e r e d  l i g h t ,  and <Seq°  ̂ i s  the  qth  Four ier  component o f  th e  f l u c t u a ­

t i o n  in the  a6 component of  the  d i e l e c t r i c  t e n so r .

The r e l e v a n t  dynamical v a r i a b l e s  f o r  t h i s  problem, t h a t  induce 

a r e  the  p o l a r i z a t i o n  P3, the  Xy shear  s t r a i n  x 6, and the  entropy S .  I f  the
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frequency ranges of  the dynamical modes a re  well s ep a ra te d ,  6eqa3 can be 

sepa ra ted  in to  d i s t i n c t  c o n t r ib u t io n s  from each mode and the  t o t a l  i n t e n ­

s i t y  f o r  t h a t  mode can be p re d ic ted  from equation  (1 ) .

The mean square  f l u c t u a t i o n  in the  d i e l e c t r i c  c o n s t a n t ,  occur r ing  a t  

c o n s ta n t  s t r e s s  a  and e l e c t r i c  f i e l d  E, a s s o c ia te d  with the  entropy i s :

< (<SegaB ) 2> = fd£qa y  <Sq2> (2)
q r % ; E

where <Sq2> i s  the  mean square en tropy  f l u c t u a t i o n .  Equation (2) reduces ,  

v ia  s tandard  thermodynamic r e l a t i o n s ,  to :

r  ( f i r  2 s. _ 1 > 2 kBT2 i m
< ' q ) > -  V (“ HT“  }a,E "pC c (3)

0,E
where Ca E i s  the  s p e c i f i c  heat  per  u n i t  mass.

Since entropy f l u c t u a t i o n s  occur very slowly compared to the  cha rac ­

t e r i s t i c  t ime o f  P3 and x6 , we assume t h a t  the  spontaneous p o l a r i z a t i o n  P3 

and shear  s t r a i n  x6 remain in thermodynamic equ i l ib r iu m  with S. Then,

j_  a6 .  ot8 a 8 , _ a6

( ^ ) 0>E ■ ^ , P * < * H . P ® » , . E T,x i f r )  a,E <•>

Equation (4) expresses  the  o p t i c a l  coupling to  the  thermal d i f f u s i o n  mode. The 

f i r s t  term on th e  r i g h t  hand s id e  o f  eq (4) r e p re se n t s  both d i r e c t  and i n d i r e c t  

(due to  thermal expansion) components to  the  tempera ture  dependence o f  eqa ^.

The two new terms r e p r e s e n t  a d d i t io n a l  i n d i r e c t  o p t i c a l  coupling v ia  th e  tem­

p e ra tu re  dependence o f  the  spontaneous p o l a r i z a t i o n  ( p y r o e l e c t r i c  e f f e c t )  

and the  temperature  dependence o f  the  spontaneous s t r a i n ( t h e r m a l  d i l a t i o n  e f f e c t ) .
a p  a6

The 'normal term; ) x p > “*s on^y expected to  occur in  diagonal

p o l a r i z a t i o n ,  a l though an iso t ro p y  o f  the  thermal expansion c o e f f i c i e n t  may i n ­

duce depo la r ized  s ca t te r in g .  97 I t s  va lue  above and below the  t r a n s i t i o n  can 

be es t im ated  from the  r e f r a c t i v e  index measurements o f  Yamazaki and Ogawa,
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The second and t h i r d  terms o f  eq (4) vanish in the  p a r a e l e c t r i c  phase s ince  

the  time average vablues o f  xg (T) and PgfT) are  both zero f o r  T >T c - In 

the  f e r r o e l e c t r i c  phase,  the  p o la r i z a t i o n  c o n t r ib u t io n  can be expressed

p le te  temperature  dependence o f  the  d i e l e c t r i c  c o n s ta n t ,  in the  f e r r o e l e c t r i c  

phase,  can then be expressed as:

The p y r o e l e c t r i c  and thermal d i l a t a t i o n  c o e f f i c i e n t s  have been determined 

t h e o r e t i c a l l y  from the  Helmholtz f r e e  energy in chap te r  I I I  and a re  given 

by eqs 22 and 23. Figure 1 i s  a p lo t  o f  these  th re e  c o n t r ib u t io n s  to  the  

temperature  dependence o f  the  o p t i c a l  d i e l e c t r i c  cons tan t  in the  f e r r o ­

e l e c t r i c  phase as es t imated  from the  Benepe-Reese f r e e  energy. Note t h a t  

i t  i s  the  p o l a r i z a t i o n  term t h a t  dominates the  d i e l e c t r i c  constant  

temperature  dependence. Retaining only the  p o la r i z a t i o n  c o n t r ib u t io n ,  

the  Rayleigh r a t i o  f o r  the  thermal d i f f u s io n  mode can be expressed as :

the  Benepe-Reese f r e e  energy. Values f o r  the  s p e c i f i c  heat  a re  taken from

i n t e n s i t y  has been sca led  to  co incide  with the  data  po in t  a t  Tc - T = 0.028°K. 

Hence the  Rayleigh r a t i o  (2) y i e l d s  a good d e sc r ip t i o n  f o r  the  temperature

in terms o f  the  p y r o e l e c t r i c  c o e f f i c i e n t  p a,E and the  e l e c t r o p t i c  co­

e f f i c i e n t  Pg 3 X. The spontaneous s t r a i n  term i s  expresssed  by the  thermal
o  E Pd i l a t a t i o n  c o e f f i c i e n t ^  ’ and the  e l a s t o o p t i c  c o e f f i c i e n t  p g6 . The com-

srr
Normal Optical  Coupling

Optical  Coupling"

( 6 )

(7)

The s o l id  l i n e  in Fig (2) i s  the  Rayleigh r a t i o ,  determined by eq(7) and

Reese and May. 99 Also shown in Fig 2 a re  the  experimental  da ta  whose
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f i g .  VIII -1  Estimates  to  th e  tempera ture  dependence o f  the
o p t i c a l  d i e l e c t r i c  c o n s ta n t  showing the  'normal
tempera ture  dependence'  plus  the  two new i n d i r e c t

_________________ terms r e s ul t i n g  frnm thp  tPmppratiira-ftoppnHpnrp 0f
spontaneous p o l a r i z a t i o n  and s t r a i n  in the  f e r r o e l e c t r i c
phase.  Note t h a t  i t  i s  the  p o l a r i z a t i o n  term t h a t
dominates nea r  T .c
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f i g .  V I I1-2 Solid  l i n e  i n d i c a t e s  thermodynamic p r e d i c t i o n  
f o r  t h e  s c a t t e r i n g  c ross  s e c t io n  pe r  u n i t  volume expressed 
by equation 7. In te g ra te d  i n t e n s i t y  da ta  o f  f i g .  VII-1 
have been r e sca led  to  match the  p re d i c t i o n  a t  T=Tc+0.028 K 
ind tea  ted  by .arrow.

N



dependence o f  the  thermal d i f f u s i o n  mode.

B. R e la t iv e  I n t e n s i t i e s  o f  DCP and Xy Shear Mode

In c h ap te r  VII an exper imental  de te rm ina t ion  o f  the  i n t e n s i t y  r a t i o  o f  

the  DCP and T.A. a c o u s t i c  phonon was made and i t s  values  were t a b u la t e d  in 

Table I .  A t h e o r e t i c a l  e s t im a te  o f  t h i s  r a t i o  can be made from the  thermo­

dynamic a n a l y s i s  u t i l i z i n g  e q . (1 )  f o r  the  s c a t t e r i n g  c ross  s e c t i o r s p e r  u n i t  

volume o f  the  Xy shear  mode and the  thermal d i f f u s i o n  mode. The Rayleigh 

r a t i o  f o r  the  thermal d i f f u s i o n  mode i s  given by (7). The Rayleigh r a t i o  

f o r  the  T.'A. phonon in the  f e r r o e l e c t r i c  phase i s  found to  be:

The Pockels '  c o e f f i c i e n t  can then be e s t im ated  from the  known values  o f

This i n t e n s i t y  r a t i o  has been eva lua ted  using the  B-R f r e e  energy and the

t h i s  c a l c u l a t i o n ,  along with  the  exper imental  r e s u l t s  o f  c h ap te r  VII,  a re  

shown in Table I .

In view o f  the  manner in which th e se  exper iments  were done and the  

a s s o c i a t e d  e r r o r ,  the  agreement between theory  and exper iment  i s  viewed 

to  be reasonably  good.

( 8 )

The a d i a b a t i c  Pocke ls '  c o e f f i c i e n t ,  P66E ,S , can be expressed a s :  101

(9)

P xPg6 > P6 3  > and a 36 along with the  B-R f r e e  energy p r e d i c t i o n  f o r  the  sus-  
x Sc e p t i b i l i t y  e ’ . The i n t e n s i t y  r a t i o  i s

2R
R

( 10 )

9 9
s p e c i f i c  h ea t  da ta  o f  Reese and May ( tak ing  Tp = Tc ) .  The r e s u l t s  of
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TABLE I

Tc - T
! d

2 IB
R (T .D . ) 

2R ( f .A . )

0.010 4.5  ± .0 24.2

0.016

00+1o

18.2

0.020 3.3  ± .7 17.0

0.027 5.7 ± 1.1 18.4

0.036 4* 00 1+ o 10.6

0.047 4 .4  ± .8 9.0

0.060 3.4  ± .7 7.2
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C. E l e c t r i c  F ie ld  Dependence to  the  DCP I n t e n s i t y  

App l ica t ion  o f  an e l e c t r i c  f i e l d  along the  ax is  o f  the  spontaneous 

p o l a r i z a t i o n  w i l l  cause a d i s t o r t i o n  o f  the  phase t r a n s i t i o n .  A small 

e l e c t r i c  f i e l d  (E < Ec r ) w i l l  cause some rounding o f  th e  onse t  o f  the  

p o l a r i z a t i o n .  Furthermore,  the  p o l a r i z a t i o n  w i l l  now in c re a se  d i scon t inuous-  

ly  a t  a tempera ture  above the  t r a n s i t i o n  tempera ture .  A . la rg e  e l e c t r i c  f i e l d  

(E > Ec f ) w i l l  smooth the  development o f  p o l a r i z a t i o n  so t h a t ,  upon 

co o l in g ,  t h e r e  w i l l  be no d iscon t inuous  jump. This jump in P w i l l  vanish 

when E = E . These e f f e c t s  a re  i l l u s t r a t e d  in Fig.  3 o f  c h ap te r  I I I .  There
V I

f o r e ,  the  p o l a r i z a t i o n  response to  temperature  f l u c t u a t i o n s  w i l l  have a marked 

e l e c t r i c  f i e l d  dependence.  This i s  i l l u s t r a t e d  in Fig.  8 o f  ch ap te r  I I I  where

the  p y r o e l e c t r i c  c o e f f i c i e n t  pCT’ ^ i s  p l o t t e d  as a fun c t io n  o f  e l e c t r i c  f i e l d

f o r  severa l  tempera tures  c lo se  to  T in th e  p a r a e l e c t r i c  phase.  The Rayleigh 

r a t i o  f o r  the  thermal d i f f u s io n  mode, given by eq. ( 7 ) ,  i s  seen to  be p ro­

p o r t i o n a l  t o  (pa *^)2 . The re fo re ,  the  e l e c t r i c  f i e l d  dependence o f  the  s c a t t e r  

ing c ro s s  s ec t io n  i s  expected to  be dominated by the  e l e c t r i c  f i e l d  dependence 

o f  pa ’ ^. I t  i s  assumed t h a t  the  e l e c t r i c  f i e l d  dependence o f  the  index o f  

r e f r a c t i o n  and s p e c i f i c  heat  wi l l  be minor. This e l e c t r i c  f i e l d  dependency

o f  pCT’ ^ i s  to  be compared with the  experimental  r e s u l t s  p r e ­

sen ted  in Fig.  VII-6.  There i s  good q u a l i t a t i v e  agreement between the  ex­

perimenta l  da ta  and the  thermodynamic r e s u l t s .  Hence, the  i n t e n s i t y  o f  the  

thermal d i f f u s i o n  mode can be used as a probe to  i n v e s t i g a t e  the  thermo­

dynamic p r o p e r t i e s  o f  KDP, via  the  p y r o e l e c t r i c  s u s c e p t i b i l i t y ,  which i s  

r e l a t e d  to  the  s t a t i c  isothermal d i e l e c t r i c  s u s c e p t i b i l i t y  by

~a,E -  ca .T  P.
P " C
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The approach to  the  c r i t i c a l  po in t  a t  a tmospheric p re s su re ,  as well as the  

approach to  the  l i n e  o f  second o rde r  phase t r a n s i t i o n  f o r  d i f f e r i n g  amounts 

o f  p re s s u r e ,  can be well monitored by the  thermal d i f f u s i o n  mode i n t e n s i t y .

As the  p o in t ( s )  o f  a second o rde r  t r a n s i t i o n  a re  approached the  i n t e n s i t y  of  

th e  T.D. mode should in c re a se  to  values  g r e a t e r  than those  achieved a t  atmos­

p her ic  p re s su re  and zero  e l e c t r i c  f i e l d .

I I I .  Coupled Mode Analysis

A. Linewidth Renormalizat ion

We have i n t e r p r e t e d  the  DCP as th e  low frequency s t r u c t u r e  to  the  f e r r o ­

e l e c t r i c  s o f t  mode r e s u l t i n g  from i t s  coupling to  the  thermal d i f f u s i o n  mode. 

This coupl ing i s  due to  the  extreme temperature  dependence of  th e  o rde r  

paramete r,  the  spontaneous p o l a r i z a t i o n  Ps< The thermal d i f f u s i o n  mode can 

be rep resen ted  by a r e l a x a t i o n a l  response  func t ion  lead ing  to  a two-coupled­

mode p i c t u r e  with an e f f e c t i v e  b i l i n e a r  coupling between the  s o f t  mode (A) 

and the thermal d i f f u s i o n  mode (B). The spectrum i s  given by (as formula ted  in 

Chap. IV): I (u )  o Im ^

i, j=A,B

where PA and Pg a re  the  o p t i c a l  coupling co n s tan ts  and x\jj a re  s o l u t io n s  o f  the  

matr ix  equation

( 1 2 )

XA° amd Xg° a r e  the  response func t ions  of  the  uncoupled f e r r o e l e c t r i c  s o f t  

mode and entropy mode and a re  given by

pi V i j (“ } ( 1 1 )

' (xa0 ) - 1 A2
► s

XAA XAB 1 0

. A2 (xflT \ XBA XBB 0 1

xa° = k . 1 ■ 0,2 

XR° 3 c (1 - i w r ) " 1

(13a)

(13b)



113

I f  we assume t h a t  Pg = 0 so t h a t  only the  f e r r o e l e c t r i c  mode couples to  the  

l i g h t ,  then a  ^ 4

I / m > ~  P A X * * ----------------------^

1 - 0 C a % \ a h  m

which to g e th e r  with eqs (13) y i e l d s

PA Th1 . sA l ~ (15)
I  -  r w t

This r e s u l t  i s  one o f  a number o f  equ iva len t  express ions  f r eq u en t ly  used 

to  re p re se n t  the  combined s o f t  mode plus  cen t r a l  peak spectrum (see  Chap. I I ) .  

For the  case o f  a heav i ly  overdamped s o f t  mode (r^  >><*>„ ) the

spectrum o f  eq (15) sepa ra te s  approximately in to  two Loren tz ians ,  the  s o f tn . 1
mode of  width / 5  * “n" and i n t e n s i t y  propor t ional  to  — =—  and theI A 2 I*  * ur

__ I 00
cen t ra l  peak o f  width P t  = anc* i ntensl’ty  propor t ional  to

c  A  ̂ _  1
~U> ' Tlie t o t a l  i n t e n s i ty  i s  propor t ional  to  - ^ 7 —  where

® *  © 
w2 = w2 -  cA1* determines the  s t a t i c  s u s c e p t i b i l i t y .  The high frequency

s u s c e p t i b i l i t y  i s  given by w2 . The c e n t r a l  peak l inewid th  i s  then

< 1 6 >

with _  1

(17)
' 0

where 62 = cA1*.

Note t h a t  the  DCP linewid th  i s  not determined so ley  by the T.D. 

mode r e l a x a t io n  time but includes  a l in e d th  renormalizat ion  c o e f f i c i e n t  

n2 . Because the  modes a re  l i n e a r l y  coupled through the  p r y r o l e c t r i c  

e f f e c t ,  we expect t h a t

P  j  ~  (T .E -J  -  d o  P  (18)
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At t h i s  p o in t  i t  i s  perhaps worthwhile to  cons ide r  severa l  p o s s ib le  i n t e r p r e ­

t a t i o n s  o f  eq.  (16) .

1. Second Order T r an s i t io n

For a second o rd e r  t r a n s i t i o n ,  the  c e n t r a l  peak l inew id th  should ap­

proach zero a t  Tc , even i f  x i s  tempera ture  independent,  s in ce  w02 goes to  

zero a t  Tc whi le  w^2 remains non-zero due to  the  mode coupling.

2. F i r s t  Order T r a n s i t io n

For a f i r s t  o rder  t r a n s i t i o n ,  the  s t a t i c  s u s c e p t i b i l i t y  does not 

approach zero  as T is  approached from below. There fore  narrowing o f  the  

DCP, as d iscussed  f o r  a second o rde r  t r a n s i t i o n  i s  not expected to  occur.  

However, the  DCP l inew id th  may o r  may not approach zero a t  Tc depending upon 

the  r e l a t i v e  magnitude o f  6 and w0 very c lo se  to  T ~. We can cons ide r  two cases
v

a. < < 1
rc "

given by

In t h i s  case  the  l inewid th  reno rm al iza t ion  c o e f f i c i e n t ,  i 2 , i s

l i m  ri2 = 1 
™ c“

The reno rm a l iza t ion  c o e f f i c i e n t  i s  equal to  1 so t h a t  the  DCP l inew id th  i s  i n ­

d i s t i n g u i s h a b l e  from the  thermal d i f f u s i o n  mode l inew id th  .
2

b. < < 1
T=T,'c

In t h i s  case  th e  renorm a l iza t ion  c o e f f i c i e n t ,  c lo se  to  Tc ” , can be app rox i ­

mated by:

l im n 2 = 
T~ Tc'

w. ' 2
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Although cuo does not go to  zero  a t  Tc ( f o r  the  f i r s t  o rd e r  t r a n s i t i o n )  the  

anomalous behavior  of  5,  due to  the  p y r o e l e c t r i c  e f f e c t ,  may cause a narrow­

ing o f  the  l inew id th .  These p o s s ib le  tempera ture  dependences to  the  renorm al iza ­

t i o n  c o e f f i c i e n t  a re  i l l u s t r a t e d  below.

I *-r CM w (J)

T T

KDP undergoes a f i r s t  o rd e r  t r a n s i t i o n .  U t i l i z i n g  an i n t e n s i t y

a n a l y s i s  o f  the  DCP and f e r r o e l e c t r i c  s o f t  mode, we have p rev ious ly  es t im ated

t h a t  the  s m a l l e s t  va lue o f  n2 i s  n 2 | T- T  - = 0 .9 9 .^  This sugges ts  t h a t  f o r
1 ~ ' c

KDP th e  a p p l i c a b l e  s i t u a t i o n  i s  t h a t  o f  case  (a) f o r  the  f i r s t  o rde r  t r a n s i t i o n .  

However, a q u a n t i t a t i v e  ev a lu a t io n  o f  n2 would be he lpfu l  in determin ing whether 

t h i s  reno rm a l iza t io n  r e s u l t i n g  from p y r o e l e c t r i c  coupling i s  i n a c c e s s i b l e ,  in 

p r i n c i p l e ,  f o r  the  f i r s t  o rd e r  t r a n s i t i o n  a t  a tmospheric  p re s su re .

I t  i s  known t h a t  a p p l i c a t i o n  o f  h y d r o s t a t i c  s t r e s s  w i l l  fo r ce  the

t r a n s i t i o n  to  become second o r d e r ,  in which case  th e  l inew id th  ren o rm a l iza t ion
. , . . . . . 103,104,105should become ev iden t .

B. E l e c t r i c  F ie ld  E f f e c t s  and Linewidth Renormalizat ion

Since the  s t a t i c  d i e l e c t r i c  s u s c e p t i b i l i t y  and the  p y r o e l e c t r i c

s u s c e p t i b i l i t y  both have a s t rong  e l e c t r i c  f i e l d  dependence,  I would expect

t h a t  the  renorm a l iza t ion  c o e f f i c i e n t ,  n2 , would e x h i b i t  a s t rong  e l e c t r i c  f i e l d
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e f f e c t .  In o rd e r  to  make some q u a l i t a t i v e  s ta tem ents  about t h i s  p o s s ib le  

e l e c t r i c  f i e l d  dependence,  I note  t h a t  <d02 i s  in v e r s e ly  p ropo r t iona l  to  e0 ’1' 

and t h a t  6 i s  p ropo r t iona l  to  ea , T . Taking

in 2 Q.r

. a ,  T

where I have

. 2  _

T 7lS ^TTfy ( 20 )

Hence n2 s n2 ( E,T) i s  seen to  e x h i b i t  an e l e c t r i c  f i e l d  and temperature  de­

pendence ( a t  ambient p re s su re s )  p r im ar i ly  determined by ea ’^.  I f  we cons ide r  

n2 in  the  neighborhood o f  th e  c r i t i c a l  e l e c t r i c  f i e l d  and c r i t i c a l  tempera ture  

then we f in d

lim r»2 (E,T) = 0
E-*-E
T-T

c r
c r

. a ,  Ts ince  e * becomes s i n g u l a r  a t  the  c r i t i c a l  po in t .  Whether o r  not t h i s  narrowing 

as a fun c t io n  o f  E and T i s  exper im en ta l ly  a c c e s s ib l e  i s  dependent upon the  quan­

t i t a t i v e  va lue o f

I t  may be t h a t i s  so very small t h a t  t h i s  l inew id th  ren o rm al iza t ion  

w i l l  occur only a t  the  exac t  c r i t i c a l  p o in t .  P re l im inary  experimental  r e s u l t s  

have shown no pronounced e l e c t r i c  f i e l d  dependence to  th e  DCP l inew id th .

Since i t  i s  b e l i e v ed ,  f o r  atmospheric  p re s su re  and E = 0,  t h a t  the  r e n o r ­

m a l iza t ion  c o e f f i c i e n t  i s  n 2 -  1, the  DCP l inew id th  w i l l  be i n d i s t i n g u i s h a b l e  

from the  thermal d i f f u s i o n  mode l in e w id th .  A d i scu ss io n  o f  the  thermal d i f ­

fu s ion  mode l inew id th  i s  given in th e  fo l lowing paragraphs.
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C. Thermal D iffus ion  Mode Relaxation Time

The thermal d i f f u s io n  mode r e l a x a t i o n  t ime i s  given by the  c l a s s i c a l  

express ion :

• f  -  Dth  o2 <21>

where the  thermal d i f f u s i v i t y  is

° th  ■ k  (22>

and the  momentum t r a n s f e r  i s
_ 4 jm, s in  T  (23)

aL £

X -  thermal c o n d u c t iv i ty
p -  d en s i ty

C - s p e c i f i c  heat
n - index o f  r e f r a c t i o n

X^- l a s e r  wavelength in  medium

9 -  s c a t t e r i n g  angle

Values used f o r  the  thermal c o n d u c t iv i ty  and s p e c i f i c  hea t  a re  given in 

Appendix B.
O

For 90° s c a t t e r i n g  a t  the  l a s e r  wavelength XL° = 5145 A ( in  vacuum), 

the  square of  the  momentum t r a n s f e r  i s  

q2 = 6.71 x 1010 cm'2

Table I I  c a t a lo g s  the  thermodynamic p r e d i c t i o n s  f o r  the  thermal d i f ­

f u s i v i t y  ■ w  thermal d i f f u s i o n  mode r e l a x a t i o n  t ime t ,  and dynamic c e n t r a l  peak 

l inewid th  (FWHM), Av = as a func t ion  o f  tempera ture  d i f f e r e n c e  from the  

peak in the  c a l o r i m e t r i c  anomaly in the  f e r r o e l e c t r i c  phase.  Figure  3 

i s  a p l o t  o f  Av as a func t ion  o f  T “T. The s o l i d  l i n e  i s  the  thermodynamic 

p re d i c t i o n  f o r  Av. The experimental  po in t s  were p lo t t e d  by matching the 

da ta  po in t  f o r  Tc -T =0.028°K with the  p red ic ted  l inewid th  and p l o t t i n g  the
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Table II

Tp-T (°K)
2

D —  th  sec x ns Av MHz

.203 3.9X10"3 3.8 84

.183 3.7 4 .0 80

.163 3.6 4.1 78

.143 3.5 4.3 74

.123 3.3 4.5 71

.103 3.2 4.7 68

.093 3.1 4.8 66

.083 3.0 4.9 65

.073 2.9 5.1 62

.063 2.8 5.2 61

.053 2.7 5.4 59

.043 2.6 5.6 57

.033 2.5 5.9 54

.023 2.4 6.2 51

.013 2.3 6.6 48

.003 2.0 7.5 42
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20 .

f i g .  VII I -3

DCP FWHM

- i ____________ I____________ I____________
.15 .1 .0 5  0

Tc- T  °K

Sol id  l i n e  shows thermal d i f f u s i o n  mode p r e d i c t i o n  
f o r  dynamic c e n t r a l  peak l inew id th  (n =1) expressed 
by equat ions  16, 17, 21-23. Open and c losed  c i r c l e s  
a re  the  da ta  p o in t s  from f i g .  VI1-5.  The tempera ture  
o f  the  da ta  po in t  i n d ic a ted  by the  arrow has been s h i f t e d  
so t h a t  i t  agrees  with p r e d i c t i o n .  All o th e r  p o in t s  havebeen 
p l o t t e d  r e l a t i v e  to  t h i s  p o in t .
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o th e r  da ta  po in ts  r e l a t i v e  to  i t s  tempera ture .  The one da ta  p o in t  a t  

Tc -T =0 .004°K which shows a l a rg e  d e v ia t io n  from the  p red ic ted  values  

(see  Fig.  VI1-5) i s  not shown in  Fig.  -3. Notice t h a t  the  l inewid th  i s  ex­

pected to  narrow as Tc i s  approached from below, due to  the  anomaly in the  

s p e c i f i c  h e a t .  Since the  measurements o f  Reese and May i n d i c a t e  t h a t  the  

anomaly in the  d i e l e c t r i c  con s tan t  occurs 0 . 1 °K lower than the  anomaly in 

th e  s p e c i f i c  h e a t ,  i t  i s  d i f f i c u l t  t o  p in p o in t  the  exac t  t r a n s i t i o n  tempera­

t u r e ,  as measured in th e  l i g h t  s c a t t e r i n g  exper iment ,  in Fig .  3. I t  i s  

perhaps sa f e  to say t h a t  Tc l i e s  in  the  range T -  0.1 ^ Tc ^ K

The p r e d i c t i o n s  of  eq. (21) ,  as shown in Figure 3, y i e l d  e x c e l l e n t  

agreement with the  experimental  da ta  when c o n s id e ra t io n  i s  given to  th e  d i f ­

f i c u l t y  in determin ing the  exac t  t r a n s i t i o n  temperature  r e l a t i v e  to  the  

s p e c i f i c  heat  da ta .

IV. Conclusion

In conc lus ion ,  we have shown t h a t  the  dynamic c en t r a l  peak t h a t  we have 

observed in f e r r o e l e c t r i c  KDP can be viewed as the  low frequency s t r u c t u r e  

o f  the  f e r r o e l e c t r i c  s o f t  mode induced by i t s  coupling to  the  slowly r e l a x ­

ing thermal d i f f u s io n  mode v ia  the  s t ro n g ly  temperature-dependent spontaneous 

p o l a r i z a t i o n .  This a n ly s i s  has succeeded in ex p la in ing  the  tempera ture  de­

pendence of  the  width and the  temperature  and e l e c t r i c  f i e l d  dependence of  

the  i n t e n s i t y  o f  t h i s  new f e a t u r e .
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IX. Conclusion

In t h i s  t h e s i s ,  B r i l lo u in  and high re so lu t io n  Rayleigh s c a t t e r ­

ing measurements o f  the  c en t r a l  peak in KDP have been p resen ted .  These 

experiments (along with those o f  o th e r  workers) have e s t a b l i s h e d  the  

presence o f  two c en t r a l  peaks;  a s t a t i c  c en t r a l  peak and a dynamic 

cen t r a l  peak. The s t a t i c  c en t r a l  peak e x h ib i t s  no i n t r i n s i c  l inewid th  

and appears in both the  p a r a e l e c t r i c  and f e r r o e l e c t r i c  phases within  a 

few degrees o f  the  t r a n s i t i o n  temperature .  Experimental evidence p re ­

sented here (and by o th e r s )  s t rong ly  suggest  t h a t  t h i s  component i s  due 

t o  defect - induced  inhomogeneous s t a t i c  d i s t o r t i o n s  in the  shear 

s t r a i n .  I t  has r e c en t ly  been shown t h a t  t h i s  c en t r a l  peak can be removed 

by s u i t a b l e  annealing and i s  t h e r e fo re  an e x t r i n s i c  p roper ty  o f  the  

c r y s t a l .  An i n t e r e s t i n g  aspec t  of  the  s t a t i c  c en t r a l  peak, repor ted  here ,  

i s  t h a t  the  e l e c t r i c  f i e l d  dependence o f  i t  s i n t e n s i t y  e x h i b i t s  the  T r i -  

c r i t i c a l  behavior o f  the  f i r s t  o rder  t r a n s i t i o n  via the  isothermal e l a s ­

t i c  constan t  .

A dynamic c en t r a l  peak has been observed in the f e r r o e l e c t r i c  

phase of  the  shorted  c r y s t a l  and in both phases in the  presence o f  an 

e l e c t r i c  f i e l d .  This c en t r a l  peak i s  i n t e r p r e t t e d  as the  low frequency 

s t r u c t u r e  o f  the  f e r r o e l e c t r i c  s o f t  mode induced by temperature  f l u c t u ­

a t io n s .  Measurements o f  the  temperature  and e l e c t r i c  f i e l d  dependence 

o f  the  dynamic c en t r a l  peak i n t e n s i t y  have been presented  here and agree 

well with the p re d ic t io n s  of thermodynamic f l u c tu a t io n  theory .  Line­

width measurements a re  in good agreement with p re d ic t io n s  determined by
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the  thermal d i f f u s i v i t y .  R e s t r i c t io n s  on our s c a t t e r i n g  geometry have
2

prevented us from v e r i fy ing  the  q l inewid th  dependence expressed by 

equat ion VII1-21. The l inewid th  renorm a l iza t ion ,  which i s  expected 

c lose  to  T , has not been seen and i s  be lieved to  be in a cc e s s ib le  a t  

atmospheric p ressure  due to  the  f i r s t  o rde r  na tu re  o f  the  t r a n s i t i o n .  

However, a p p l i c a t io n  of  h y d ro s ta t i c  p ressu re  can dr ive  the  t r a n s i t i o n  

to  become second o rd e r ,  in which case the  l inewid th  renormalizat ion 

should become ev iden t .  This would provide c ru c ia l  v e r i f i c a t i o n  o f  

the coupled mode a n a ly s i s .  Fur ther e l e c t r i c  f i e l d  measurements a t  

atmospheric p ressu re  should a lso  be performed using annealed c r y s t a l s  

so t h a t  the  DCP l inewid th  can be more e a s i l y  measured without i n t e r ­

fe rence  from the SCP.
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Appendix A

Temperature Rise and Thermal Gradients  Induced by the  

Laser near  Tc in KDP

I.  In t roduct ion

In t h i s  appendix I w i l l  cons ide r  the  thermal e f f e c t s  o f  the  l a s e r  beam

as i t  passes  through th e  KDP c r y s t a l .  In p a r t i c u l a r ,  I am i n t e r e s t e d  in

determining the  maximum temperature  r i s e  o f  the  focal volume induced by

the  l a s e r  and ob ta in ing  a r e l a t i o n  between the  ac tua l  temperature  o f  the

focal volume and the  tempera ture  determined by the  thermometer.

Since the  q u a s i e l a s t i c  f e a tu r e s  appearing  n ea r  T a re  s ev e re ly  tern-

p e ra tu re  dependent,  i t  i s  im por tant to  e s t a b l i s h  whether t h e r e  e x i s t s  any

s i g n i f i c a n t  tempera ture  g r a d i e n t s  across  the  focal volume and the reby  de^

termine whether the  experiment i s  probing a homogeneous volume element.

Some o f  the  r e s u l t s  of  these  c a l c u l a t i o n s  w i l l  be compared to  experiment.
105 n

The c a l c u l a t i o n  proceeds e s s e n t i a l l y  from the  d iscuss ion  by Lax. An 

e a r l i e r  c a l c u l a t i o n  f o r  the  time dependent problem has been done by Gordon^® 

e t  a l .  The ir  r e s u l t s ,  under a p p ro p r ia t e  s i m p l i f i c a t i o n s ,  reduced  to  the  

r e s u l t s  given here .

I I .  Formulation o f  the  Problem

a. Thermodynamic Geometry.

Since the i n t e n t  o f  t h i s  c a l c u l a t i o n  i s  to  ob ta in  an o rd e r  o f  magni­

tude  e s t im a te  o f  the  temperature  d i s t r i b u t i o n  in the  c r y s t a l  and sample c e l l ,

I w i l l  s e t  up the  problem in a manner t h a t  f u l l y  e x p l o i t s  the  c y l i n d r i c a l  

symmetry. The KDP c r y s ta l  i s  r ep re sen ted  by an i n f i n i t e  c y l in d e r  o f  rad iu s  

r 0  and i s  surrounded by a b a k e l i t e  housing o f  in n e r  rad iu s  r 0  and o u te r  

rad iu s  rj,, The c r y s t a l  and housing a re  immersed in a 2-methyl butane bath p l a c ­

ed in a b rass  sample c e l l  o f  rad ius  r c maintained a t  the  bath  temperature  T0 .

The l a s e r  beam passes  down the  ax is  o f  the  c r y s t a l .  A schematic diagram
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o f  t h i s  c o n f ig u ra t io n  i s  given in f ig u r e  1. The pla tinum r e s i s t a n c e  thermo­

meter i s  o f  c y l i n d r i c a l  shape and 2 cm in leng th .  I t s  c e n t e r  i s  taken to  be

a d i s t a n ce  r p from the  o p t i c  a x i s ,

b. Laser Beam as a Heat Source

The i n t e n s i t y  p r o f i l e  o f  the  l a s e r  beam can be expressed in c y l i n d r i c a l

coo rd ina tes  a s ;

I ( r , z )  = IQ f ( r , z )  ( I )

where I 0  i s  the  i n t e n s i t y  amplitude and f ( r , z )  i s  the  i n t e n s i t y  p r o f i l e  a t  z.

The power of  the  l a s e r  beam i s  given by an, oo

P m  = To f j v j j * - 1- $(>-,*> a)
Heating o f  the  c r y s t a l  by the  l a s e r  beam r e s u f t s  from the  absorp t ion  of  

energy by the  c r y s t a l .  This absorp t ion  i s  c h a r a c t e r i z e d  by a ,  the  a t t e n u a ­

t i o n  co n s tan t  o f  the  l a s e r  beam in the  c r y s t a l .  The l a s e r  beam then con­

s t i t u t e s  a heat source whose energy pe r  u n i t  volume per second i s  given by

< 3 n m *  « e " i ,  - ? ( > m  (3)

Since KDP i s  t r a n s p a r e n t ,  a z « l  and we have:

G r <* lo *?('►/* )
I then cons ide r  two approximations f o r  f ( r , z ) :

(a) Rectangular i n t e n s i t y  p r o f i l e .  In t h i s  case  the  l a s e r  

beam, o f  diameter wQ, has a uniform i n t e n s i t y  d i s t r i b u t i o n .  I can express  f  a s :

/  I h  £  w / o / a

.  (5)
[  0  b y  \aJ c/ 2

(b) Gaussian i n t e n s i t y  p r o f i l e .  This approximation more ac­

c u r a t e l y  r e f l e c t s  the  t r u e  s i t u a t i o n .  The i n t e n s i t y  p r o f i l e  i s  given by:
p - v r ’/ W -

T ^ )  ” 6  ( 6 J
i woThe i n t e n s i t y  f a l l s  to  e"* o f  i t s  maximum value a t  a rad ius  r  = . These

i n t e n s i t y  p r o f i l e s  a re  shown in f ig u r e  2. The l a s e r  power f o r  both p r o f i l e s



LASER

KDP

BAKELITE

2  - methyl butane

Sample Cell

f i g  A-l Model f o r  l a s e r  hea t ing  c a l c u l a t i o n  with 
c y l i n d r i c a l  symmetry.
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1.0

C  - 5

o 2

x— rw.
f i g .  A-2 Laser  i n t e n s i t y  p r o f i l e  along r a d ia l  d i r e c t i o n .  

R i n d i c a t e s  r e c t a n g u la r  p r o f i l e  and 6  i n d i c a t e s  
gauss ian p r o f i l e .
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where

i s  found from (£) to  be;

P = f l . w ^  (7)

In the  fo l lowing ,  the  r e c t a n g u la r  p r o f i l e  w i l l  be denoted by R, and the  

Gaussian p r o f i l e  w i l l  be denoted by G.

c .  Heat Equation

l l )  C a lcu la t ion  o f  the  Heat Flux J .  

ihe tempera ture  d i s t r i b u t i o n  i s  governed by the  heat  equa t ion ;

e » -  v -T  + G to;

c -  hea t  capac i ty

T r. tempera ture

J -  hea t  f lux

The hea t  f lu x  J i s  given by

J = -X VT ( 9 )

where X i s  the  thermal co n d u c t iv i ty  of  the  m a te r ia l  in which the  temperature  

g ra d ie n t  occurs .  I am i n t e r e s t e d  in the  s teady  s t a t e  s o l u t i o n ,  so t t - = 0.ot
Hence, the  equat ions  f o r  the  heat  f lu x  J and tempera ture  T a re :

v7* T  = G (10)

U 1 )

In o rd e r  to  determine J ,  we can e x p l o i t  the  c y l i n d r i c a l  symmetry o f  the  

problem and use the  divergence theorem;

f  <fv t j T  <es (12)
v  i

Hence,

(13)

d * l r  ( ? 0 " )T - J 2 S  -
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where G ( r ) i s  given by (3)

I then haye the  following s o lu t io n s  f o r  the  two cases ;

(a) R:

u * /  ^

(14)

(b) G;

J " (15)
p  y  r-j P

where I have in t roduced  the  dimensionless  v a r i a b le  x = -  and have J n = = ^ ~  .w0 o irw0
Notice t h a t  in the  l i m i t s  x « i  a n d x » l  both express ions  y i e l d  the  same r e -

l J l
s u i t  f o r  J .  P lo t s  f o r  -jj— as a func t ion  o f  x f o r  the  two l a s e r  p r o f i l e s  a re  

given in f i g u r e  3.

(2) Temperature D i s t r i b u t io n  T(x)

The temperature  d i s t r i b u t i o n  can be found by in t e g r a t i o n  o f  (9).

tempera ture  p r o f i l e  in the  c r y s t a l .  In te g ra t io n  y i e l d s  th e  following r e s u l t s

where AT = T(x) - T(0) 

and

Ein(z) i s  a t a b u la t e d  exponentia l  i n t e g r a l  given in Abramovitz and Stegun, 

Handbook o f  Mathematical Fun c t io n s , Dover P u b l i c a t i o n s ,  I n c . ,  N.Y. p 228. 

P lo t s  f o r  both l a s e r  p r o f i l e s  a re  given in f ig u r e  4, From the  p l o t s  one can 

see t h a t  the  tempera ture  g ra d ie n t  over  the  focal volume, f o r  P = 100 mW, i s

(a) Temperature p r o f i l e .  I would f i r s t  l i k e  t o  e s t a b l i s h  the

(G)

(R) (16)

(17)
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J
J

.4

.3

o .2

. 1

J =8.9 mWc m 2

at P = 100mW

1.6 2.0

Fig.  A-3 Heat f lu x  f o r  R and G l a s e r  p r o f i l e s  as a func t ion  o f  rad ia l  
d i s t a n ce  from o p t i c  axes .  For a l a s e r  power o f  P = lOOmW and 
a Henuation c o e f f i c i e n t  x f o r  KDP, I e s t im a te  t h a t  Jo = 0 Q mW

O • -7 cnr
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1.0

-4 J  e 2.0

3.0

4.0

f i g .  A-4

Temperature P r o f i l e

1.0 2.0
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l e s s  than lfn° K̂  (Numerical values  f o r  the  parameters o f  the  c a l c u l a t i o n

are  given a t  the  end o f  t h i s  s e c t io n ) ,

(b) Maximum temperature  r i s e  o f  the  focal volume. The maxi­

mum temperature  occur ing on the  o p t i c  ax is  as a r e s u l t  o f  the  l a s e r  beam can

be found by in t e g r a t i n g  (9) from the  o r i g i n  to  the  sample c e l l  w a l l .  The sample 

c e l l  wall i s  taken to  be a t  the  bath t e m p e ra t i r e  T0 , and \ l t  \ z ,  and X3 a re  

the  thermal c o n d u c t i v i t i e s  o f  the  KDP, b a k e l i t e ,  and 2-methyl butane r e s p e c t iv e ly .  

Denoting the  maximum temperature  r i s e  by 80 = T(0) -  T0 I f in d

< —  R
& c  '  <) (18)

1  - w  g
where

■f
A

L ( £ . )

■ j -  J k n  -  ' E m  ( y t f i l
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*»U/
Evaluating t h i s  expression I f ind  eR = 1.410 c~j^QK , /6 ^

and
© ,

where T(0) = T0 + 0Q

10 ttt°K R

3 1 #' fC G

(c) Rela tion between Tc and temperature  measured by thermometer.
A more important quest ion to  be addressed i s :  Given the  l a s e r  power dur­
ing the  experiment,  what i s  the  r e l a t i o n  between the actual  t r a n s t i o n

DDT
temperature  T o f  the  focal volume and the  temperature ,  T , measured c c
by the  thermometer? To answer t h i s  quest ion I i n t e g r a t e  (9) from the  
o r ig in  to  xp where tl 
following r e l a t i o n s :
o r ig in  to  xp where the  thermometer i s  loca ted .  In te g ra t io n  revea l s  the

TcPRT * Tc • mR P (R) (19a)

TcPRT = T. - mG P (G) (19b)

I f ind  t h a t  0„

mR ■ - 25 s r  >”g -  -50 b t  <2°)

This r e s u l t  i s  compared to  experiment.  The c r y s ta l  was cooled

down through i t s  t r a n s i t i o n  temperature  while observing the  B r i l lo u in  com- 
PRTponents.  T£ was taken to  be the  measured temperature  a t  which the  Cgg

e l a s t i c  cons tan t  softened to  zero.  The temperature  was measured by the

platinum re s i s t a n c e  thermometer. This was repeated  fo r  severa l  d i f f e r -
PRTen t  l a s e r  powers.  A p lo t  o f  Tc vs P was made and i s  shown in f i g .  A-5. 

The experimental r e s u l t  o f  mexp = .91 compares reasonably well



121.5

06
CL.

121.0

Tc“  121.6

O lOO 200 300

P (mW)
400

f i g .  A-5 T ra n s i t io n  tempera ture  measured by the  PRT as  a fun c t io n  o f  in c id e n t  l a s e r  power. 
The t r a n s i t i o n  was d e tec te d  by monitor ing the  motion o f  the  B r i l l o u in  components.
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with the  t h e o r e t i c a l  p re d ic t io n s  o f  equat ions  (19) and (20) (mR and mG) ,  

in view o f  the  gross approximations made in the  c a lc u l a t i o n .  As expec t ­

ed ,  the  Gaussian l a s e r  p r o f i l e  y i e l d s  b e t t e r  agreement.  Hence, the  c a l ­

c u la t io n  provides a reasonable  e s t im a te  o f  l a s e r  induced temperature  

ga rd ien ts  in the  focal volume, showing them to  be l e s s  than lm°K f o r  

l a s e r  power o f  P = lOOmW.

(d) Parameters f o r  Laser Heating Calcu la t ion  

(1) Sample Cell Geometry 

The c a lc u l a t i o n  was done f o r  the  fo llowing sample c e l l  geometry (see f ig .

beam d ia .  w„ = .01 cm o
r  = .50 cm x = 50o o
r. = 1.0 cm x. = 100b b
r  = 1.2 cm x = 120c c
r  = 2 .0  cm x„ = 200

P P

(2) A t ten tua t ion  c o e f f i c i e n t s .

The a t t e n u a t io n  c o e f f i c i e n t  a  was es timated  from the t ransmiss ion  

data  taken by Cleveland C rys ta l s .  The t ransmiss ion  data  was co r rec ted  

f o r  r e f l e c t i o n  losses  a t  the  su r face .  I es t imated  t h a t  

a  = 1.4 x 10 ^ cm ^

(3) Thermal Conduct iv ity  A .

(a) KDP. The thermal co nduc t iv i ty  o f  KDP near T i s  taken
1H  Cmufrom the  data  o f  Ysutaka Suemune. The value used i s  a .  = 16 '■■0„ .l  cm- K

(b) B ake l i te .  The room temperature  thermal conduc t iv i ty

o f  b a k e l i t e  (paper base phenolic )  was obta ined from Almac P l a s t i c s  I n c . ,

Long Is land  C i ty ,  New York. 0 Q~ mW
2 cm-°K
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(c) 2-methyl butane. The thermal conduc t iv i ty  o f  2-methyl -

butane a t  0°C was found to  be = 1.19 - ^ s v3 cm- K
(Tables on the  Thermophysical P roper t ie s  o f  Liquids and Gases, N.B Var- 

g u f t i k ,  Hemisphere Publi shing Corpora tion,  Washington-London 1975, p . 261.)

(4) Constants o f  the  c a l c u l a t i o n .  The fol lowing c o n s t a n t s ,  appear­

ing in the  c a lc u l a t i o n  are  fo r  a l a s e r  power o f  p = iqo mW and the  above 

parameters .

2aP mW
Heat Flux: J = ttw = 8.9

o o  cn r

Temp, change: t  = .7 m°K
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Appendix B Thermodynamic Parameters

In t h i s  appendix I have c o l l e c t e d  values  f o r  the  phys ica l  q u a n t i t i e s  

used in the  dynamic c e n t r a l  peak c a l c u l a t i o n s  o f  Chapter VIII .

(1) Index o f  Refrac tion

Measurements o f  the  o rd ina ry  and e x t r a o rd in a ry  index o f  r e f r a c t i o n  

( f o r  KDP) and t h e i r  tempera ture  dependence were made by M. Yamazaki and T.

f e r r o e l e c t r i c  phase.  I have assumed t h a t  t h i s  q u a n t i t y  i s  e s s e n t i a l l y  

cons tan t  over th e  tempera ture  range,  n e g lec t in g  p o s s ib le  anomolous c o n t r i -

The isothermal  e l a s t o o p t i c  c o e f f i c i e n t  (o r  Pockels c o e f f i c i e n t )  was

98Ogawa f o r  severa l  wavelengths over

• The r e s u l t s  o f  t h e i r  measurements,
n f * s w \ (  •  - w o : )

. • m b i - taken from re fe re n ce  (107),  a re  shown

th e  temperature  range o f  100 to  300 K.

in f i g u r e  1. From t h i s  d a t a ,  I have

es t im ated  the  'normal '  c o n t r ib u t io n

'  . M l . r o ,  KDP). In -  ««•) vs. T.  u * » :  re­
tractive index at 300 aI< [ 6 6 V  I],

:oo m  s o s  : s :  "K jjo to  the  temperature  dependence o f  the
2

p p t i c a l  d i e l e c t r i c  c o n s ta n t  (e =n )

to  be # ' - 4 X  10"4 Y 1 in the  0 1

butions  due to  an anomaly in the  thermal expansion c o e f f i c i e n t  nea r  T . 108
c

(2) E l e c t r o o p t i c  C o e f f i c i e n t  px,T
63

by i s  r epo r ted  in r e f .  (109) to  be p
•» J*/r

(3) E la s to o p t i c  C o e f f i c i e n t  p

The isothermal e l e c t r o o p t i c  c o e f f i c i e n t  a t  c o n s ta n t  s t r a i n ,  def ined
,T i r  a  J

m 7 p  I i s  r epo r ted  in r e f .  (109) to  be p = -20 .9  X 10 esO *
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measured by Brody and Cummins. They measured the  i n t e n s i t y  o f  the  Xy

shear mode B r i l lo u in  components near  the  phase t r a n s i t i o n  and observed an
E=0 Panomaly in the  p e l a s t o o p t i c  c o e f f i c i e n t ,  p i s  def ined as:
66  66

f *  \ 7 x l . )  f . T

p
From t h e i r  data  they deduce the va lue;  p = -0.0345.

66

4) Heat Capacity

High re so lu t io n  measurements o f  the  heat c apac i ty  in the v i c i n i t y
99of  the  t r a n s i t i o n  were repor ted  by Reese and May. Their  measurements 

were made on p o ly c r y s t a l l i n e  samples. (Measurements on s in g le  c r y s t a l s  were 

repor ted  in a l a t e r  p u b l ic a t ion  which included heat capac i ty  measurements 

in the  presence of  an applied  e l e c t r i c  f i e l d .  ) The heat  c apac i ty  

measurements, taken from re fe rence  (99) a re  shown in f i g .  2 and tab u la ted  

in t a b l e  I. Measurements o f  the  s t a t i c  d i e l e c t r i c  cons tan t  were a l so  

made which in d ic a te  t h a t  the  temperature  o f  the  d i e l e c t r i c  anomaly occurs 

about 0 . 1WK below the  temperature  o f  the  ca lo r im e te r  anomaly which occurs 

a t  Tp. This d i f f e r en c e  was not observed in the  s in g le  c ry s ta l  samples.

5) Thermal Conduct ivi ty

Thermal conduc t iv i ty  ( A )  measurements were made by Y. Suemune. 111 

His r e s u l t s  f o r  KDP in the  v i c i n i t y  of  the  t r a n s i t i o n  temperature  a re  r e ­

produced in f ig u re  3. In these  measurements the  temperature  g rad ien ts  vary 

from Q.2°K/cm to  3.0 K.cm over a thermocouple s epa ra t ion  of about 0 .4  to

0 .6  cm. There fore ,  these  measurements a re  unable to  reso lve  any anomalous 

behavior in A with 0.1°K o f  the  t r a n s i t i o n  where the  DCP appears .  As the  

t r a n s i t i o n  i s  approached from above,A i s  seen to  decrease  in manner de-
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400

7 900

too

too

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

"iio >30no

(a)

•s

400

-.V

-  100

200

•  •

100

( l < )

The heal capaiily nf KI >I’. With the exception of the 
points in the immediate neichhorhnnd of tlie transition the points 
shown in Hi;. 2(a) were taken with temperature intervals of 
approximately 1”K The points shown in l ie. 2(h) were taken 
with smaller intervals, (vpitaily between 0.05CK and 0.01 4“K. 
The points shown in Ms. 2(a) were taken from Series T, those 
shown in I'ijr. 2(b) were taken from both Series f and Series III. 
Note the chance in orijtin between l it:. 2(a) and lie. 2(h). The 
solid line in Ms. 2(a) shows the expression chosen to represent 
Cg, the lattice heat capacity.

T.mii.f I. A summary of tlie experimental data near the transi­
tion is civcn hy averaging the data in temperature bins of varying 
sir.es. The average temperature and avcrace heal capacity for 
the [mints falling within the bin and the rms deviation of the 
data within each bin arc civcn. The data from Series I and 
Series III have been treated separately.

TCK) C (J/molc ®K)

Root mean 
square deviation 

(J/molc ®K)

120.459

SERIES I 

101 1.4
120.914 n o 0.7
121.211 112 1.6
121.554 123 0.9
121.7.10 133 3.6
121.546 130 2.0
121.934 142 3.0
122.041 151 .1.1
122.110 163 7.3
122.2.10 176 4.0
122! 333 191 1.7
122.403 214 5.0
122.457 228 5.6
122.50S 255 3.5
122.516 273 4.6
122.570 269 12.6
122.592 290 7.5
122.615 3IS 3.3
122.638 334 11.1
122.656 3.36 7.5
t22.076 432 8.1
122.681 505 10.2
122.695 371 5.8
122.719 243 8.3
122.747 191 6.1
122.776 174 9.2
122 817 133 4.5
122.S59 111 3.1
122.909 102 4.7
122.96.5 92.0 2.9
123.035 87.8 4 5
12.1.115 82.3 0.1
12.1.236 73.8 2.1
12.?..113 75.0 2.1
123. 1.1.1 77.4 2.0
123.687 74.5 0.3
124.199 80.9 8.2

122.365

SERIES III

195 4.4
122.477 229 7.9
122.5.13 260 6.4
122.558 283 9.6
122.584 291 .5.1
122.591 311 6.2
122.004 281 12.4
122.617 310 7.6
122 625 350
122.6.14 350 12.6
122.044 364 2.9
122.654 392 15.3
122.662 39 4 17.5
122.675 458 8.9
122.684 450 6.8
122.692 .375 7.8
122.698 296 I 1.0
122.704 264 14.2
122.714 233 10.4
122.723 2.10 14.4
122.738 182 4.3
122.758 155 3.7
122.825 118



139

termined by the  temperature  dependence o f  the  s p e c i f i c  hea t .  In going 

through the  t r a n s i t i o n ,  A sharp ly  inc rease s  due to  the  reduc t ion  in phonon- 

phonon s c a t t e r i n g  r e s u l t i n g  from the  hydrogen o rd e r in g .  Considera tion  o f  

the  f i r s t  th r e e  da ta  p o in t s  in the  f e r r o e l e c t r i c  phase y i e l d s  an e s t im a te  

f o r  the  s lope  of  AX/AT =0.75 (Sjjjrjfn/0 ^  f o r  0 < T. - T - 4*K. Hence A 

i s  e s t im a ted  to  change by 0.08 over th e  temperature  range o f  the

DCP, o r  by approximate ly  0.5% (assuming no anomalous behavior a t  T . )  There­

f o r e ,  t h e  va lue o f  x , f o r  the  DCP temperature  range,  is  taken to  be e s s e n ­

t i a l l y  co n s tan t  a t  x = x_- = 15 , 6 •min K-cm

55

Te'T>o*rafun» j ’K)

f i g  B-3

The thermal conductivity of the crystals 

KH.PO, (No. 2c). KI):PO, (No. 2c) and KM.AsO, 

(No. Ic) in the vicinity of the Curio temperatures 

at which the order-disorder of hvdrogcn atoms 

occurs. Abrupt changes appear at the transitions. 

The gradual decrease persists down to about KXTK 

for MI-AsO,. I he arrows indicate the Curie 

temperatures, respectively.
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