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REVIEW OF NONSTOICHIOMETRY I N  YBa2Cu307-x 

Terrence B. Lindemer and Alf red  L. Sut ton ,  Jr. 

ABSTRACT 

The l i t e r a t u r e  d a t a  f o r  t h e  dependence of x i n  YBa2Cu307-x 
on temperature  and oxygen p r e s s u r e  w a s  r e t r i e v e d  t o  provide a 
numerical  d a t a  base.  These d a t a  were reviewed, and each  d a t a  
set  w a s  f i t t e d  t o  g i v e  t h e  g e n e r a l  i n t e r r e l a t i o n s h i p  of t h e  
exper imenta l  v a r i a b l e s .  

1. INTKODUCTION 

There are d i s c r e p a n c i e s  i n  t h e  l i t e r a t u r e  d a t a  f o r  t h e  temperature  

and oxygen pressure  dependence of t h e  nonstoichiometry of YBa2Cu307-x. 

T h i s  compound is  o f t e n  c a l l e d  "123" and i s  one o f  t h e  r e c e n t l y  d iscovered  

superconduct ing oxides .  A l s o ,  t h e r e  i s  no repor ted  e x p r e s s i o n  r e l a t i n g  

t h e  interdependence of t h e s e  exper imenta l  v a r i a b l e s .  

There are two primary o b j e c t i v e s  i n  t h i s  paper. F i r s t ,  d a t a  w i l l  be 

e x t r a c t e d  from t h e  l i t e r a t u r e  and w i l l  be reviewed i n  an a t tempt  t o  d e t e r -  

mine those  d a t a  t h a t  a r e  c o n s i s t e n t  among t h e  s e v e r a l  au thors .  Second, 

chemical thermodynamic r e p r e s e n t a t i o n s  w i l l  be der ived  t o  re la te  t h e  

interdependence of t h e  chemical p o t e n t i a l  of oxygen, h e r e a f t e r  c a l l e d  

oxygen p o t e n t i a l ,  on temperature  and nonstoichiometry.  

2. SYNOPSIS OF PREVIOUS STUDIES 

S e v e r a l  thermogravimetr ic  (TGA) s t u d i e s  have been made of t h e  

dependence of oxygen per  s i x  metals (0/6M) on temperature  and oxygen 

p a r t i a l  p ressure .  The f i r s t  a u t h o r s  of t h e  prev ious  s t u d i e s  are 

G a l l a g h e r , l  Kishio ,2 Specht  , 3  S t robe1  ,4 and Yamaguchi;S i n  a d d i t i o n ,  

Takayama-Muromachi's second a r t ic le6y7 g i v e s  l i m i t e d  d a t a .  

work by Marucco e t  a1.8 and Iwase e t  al.9 h a s  been r e p o r t e d  b u t  appears  

Addi t iona l  

1 
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so d i f f e r e n t  froin t h e  o t h e r s  t h a t  t h e i r  r e s u l t s  were n o t  considered 

f u r t h e r .  

included i n  t h i s  d r a f t ,  but  a p e a r s  t o  be i n  the  middle of t h e  d a t a  base.  

Very r e c e n t  work a t  973-1Q73 K by Tetenbaum e t  a1.lo was no t  

The experimental  d e t a i l s  are only b r f e f l y  summarized here.  The same 

d e t a i l s  were sought i n  each  p a p e r ,  and i f  some informat ion  appears  a b s e n t ,  

i t  w a s  not  i n  t h e  o r i g i n a l  paper.  The O/6M d a t a  were also obta ined .  We 

e i t h e r  e x t r a c t e d  a l l  t h e  o r i g i n a l  d a t a  o r  r e p r e s e n t a t i v e  va lues  obta ined  

from t h e  l i n e s  drawn by the  o r i g i n a l  a u t h o r s  between t h e i r  d a t a  p o i n t s ,  

This  w a s  done by e n l a r g i n g  t h e  o r i g i n a l  f i g u r e s  by 300% and reading  t h e  

numerical  v a l u e s  w i t h  t h e  a i d  of a v a r i a b l e  r u l e .  The numerical  va lues  

are gtven i n  Apperidix 1. 

Gal lagher .  T h e  sample was made from barium carbonate ,  y t t r i a ,  and 

c u p r i c  oxide ,  h e r e a f t e r  c a l l e d  t h e  s tandard  s t a r t i n g  materials. The 

u n p e l l e t i z e d  mixed powder w a s  ca lc ined  i n  flowing a i r  a t  1173 K, mi l led  

i n  acetone t o  exclude a i r ,  p e l l e t i z e d ,  and s i n t e r e d  a t  1223 K. X-ray 

d i f f r a c t i o n  (XKD) and m i c r o s t r u c t u r a l  a n a l y s i s  i n d i c a t e d  single-phase 

material. I n  the TGA, a 100- powdered sample w a s  a p p a r e n t l y  t r e a t e d  

e i t h e r  i s o t h e r m a l l y  or  a t  a heat ing  rate of 1 K/min, w i t h  a g a s  flew of 

60 rnl/min; no i n i t i a l  t rea tment  of t h e  specimen i n  t h e  'IIGA w a s  given. 

I n  a l a t e r  p a p e r , l l  t h e  a b s o l u t e  0/6M w a s  determied by r e d u c t i o n  i n  

N2-15% H2 a t  1 K/min t o  a maximum temperature  of 1273 K; t h i s  procedure 

i n d i c a t e d  a maximum 0/6M of 6.98 rt: 0.01. The reduced material  contained 

only  b a r i a ,  y t t r i a ,  and Cu; they a l s o  noted r e t e n t i o n  of water,  probably 

as hydroxides ,  a t  r e d u c t i o n  temperatures  helow 1200 K. We e x t r a c t e d  t h e  

exper imenta l  p o i n t s  f rom t h e i r  Fig. 5 ,  and a second set w a s  obtained a t  

100 K increments  from t h e i r  Pig. 2. 

Kishio.  Samples were made e i t h e r  by an unspec i f ied  powder-mixing 

method o r  by c o p r e c i p i t a t i o n  f r o m  ""high p u r i t y "  n i t r a t e  s o l u t i o n  i n  

s a t u r a t e d  o x a l i c  a c i d  s o l u t i o n .  The l a t t e r  p r e c i p i t a t e s  were ca lc ined  

i n  ai-r at  1073 K,  ground, and f i r e d  i n  a i r  a t  1223 K. No p e l l e t i z a t i o n ,  

which would appear t o  enhance homogenization, w a s  noted. XKD w a s  used 

t o  check. t h e  material ,  but  r e s u l t s  w e r e  not: given. The TGA measurements 

were made on a powder hung i n  a platinum baske t  i n  flowing oxygen/argon 

mixtures .  The absol-Ute va lues  of 0/6M were determined On s e v e r a l  samples 
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by iodometr ic  t i t r a t i o n ,  w i t h  a maximum 0/6M of 6.93 f 0.02. 

temperature  0/6M va lues  seem markedly lower t h a t  those  of a l l  o t h e r  d a t a  

sets a t  equ iva len t  condi t ions . )  We e x t r a c t e d  t h e  exper imenta l  va lues  

shown i n  t h e i r  Pig.  1. 

(Thei r  low- 

Specht.  Samples w e r e  made from t h e  s t anda rd  materials, which w e r e  

a t  least  99.997% pure and which w e r e  preheated be fo re  mixing. Af te r  t h i s  

p re t r ea tmen t ,  a l l  sample p r e p a r a t i o n s  were performed i n  a helium glove 

box wi th  (2 ppm carbon d iox ide ,  water, and oxygen. The sample w a s  m€xed, 

p e l l e t i z e d ,  and ca l c ined  t o  1173-1593 K i n  oxygen, followed by two 

r e p e t i t i o n s  of g r l n d i n g ,  p e l l e t i z i n g ,  and f i r i n g  t o  12131223  K. The 

work of Specht e t  al .3 a l s o  inc luded  a high-temperature XRD s tudy.  Since 

t h e  au tho r s  d i d  not  mention t h e  presence of second phases ,  i t  w a s  assumed 

he re  t o  be s ingle-phase material. The TGA measurements w e r e  unique i n  

t h a t  subatmospheric oxygen p res su res  were e s t a b l i s h e d  by evacuat ion.  No 

i n i t i a l  t rea tment  i n  t h e  TGA was given. 

mined by reducing i n  pure hydrogen a t  923 K; b a r i a ,  y t t r i a ,  and copper 

were assumed as f i n a l  products .  A sample cooled slowly i n  one atm of 

oxygen gave 0/6M = 6.97 k 0.02. 

l a r g e  p l o t  provided by t h e  au tho r s .  

Absolute 0/6M va lues  were d e t e r -  

The 0/6M d a t a  were e x t r a c t e d  from a 

S t robe l .  The sample w a s  made from the  s t anda rd  materials of >99.9% 

p u r i t y .  It w a s  f i r e d  a t  1220 K i n  a i r  o r  oxygen, w i t h  i t e r m e d i a t e  b a l l -  

m i l l i n g .  N o  p e l l e t i z a t i o n ,  which would appear  t o  enhance homogenization, 

w a s  noted. A sample of unspec i f i ed  weight w a s  suspended in a s i l ica  

c r u c i b l e  i n  t h e  TGA; platinum w a s  avoided because i t  reac t ed  a t  1170 K 

and low oxygen pressure .  The i n i t i a l  cond i t ion  i n  t h e  TGA w a s  600 K i n  

oxygen. f lows  of 1 t o  2 L/h of oxygen, a i r ,  and air-argon were used. 

The maximum 0/6M w a s  7 from neutron d i f f r a c t i o n ,  which w a s  a l s o  used t o  

i n d i c a t e  a s ingle-phase material. We e x t r a c t e d  the  d a t a  p o i n t s  froin 

Fig.  1, w i t h  Fig.  2 being used t o  v e r i f y  t h e  experimental  t empera tures ,  

which were r a t h e r  confusing i n  Fig.  1. 

Takayama-Muromachi. The sample w a s  made from the  s t anda rd  materials 

a t  1203 R wi th  no atmosphere s t a t e d  and us ing  in t e rmed ia t e  g r i n d i n g s ,  

g i v i n g  a 7-g sample. No p e l l e t i z a t i o n ,  which would appear  t o  improve 

homogenization, w a s  noted.  XRD i n d i c a t e d  only  "123" material. Tn the  
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TGA, no i n i t i a l  cond i t ion  w a s  g tven;  a i r  w a s  used excep t  f o r  t h e  u s e  of 

oxygen a t  641 K. The a b s o l u t e  0/6M w a s  e s t ima ted  t o  be 7.0 based on 

hydrogen reductLori a t  1173 K; r educ t ion  a t  923 K l e d  t o  water r e t e n t i o n ,  

w i t h  barium hydroxide being suggested.. I n e r t  gas  f u s i o n  gave 6.7,  whi le  

a n  unspec i f i ed  a n a l y s i s  gave 6.89. We e x t r a c t e d  t h e  0/6M d a t a  from t h e i r  

F i g .  1. 

Yamaguchi. - The sample  w a s  made froin "high-purity" barium carbonate ,  

y t t r l a ,  and copper metal i n  oxygen a t  1203 K,  w i t h  two o r  t h r e e  i n t e r -  

mediate g r ind ings .  XRD i n d i c a t e d  single-phase material. The sample w a s  

p ressed  i n t o  a 10- by l-mm p e l l e t  t h a t  weighed 500 mg and w a s  s i n t e r e d  a t  

1223 K. It w a s  suspended w i t h  P t  i n  t h e  TGA and w a s  i n i t i a l l y  heated t o  

873 K, bu t  no  atmospheric Composition was given. The abso lu te  0/6M was 

determined on a p e l l e t  slowly cooled t o  ambient i n  oxygen, then reduced 

a t  2973 K,  g iv ing  6.95 t o  7.01; they assumed t rea tment  a t  473 K i n  oxygen 

gave 1.00, which w a s  c o n s i s t e n t  w i th  log (x )  v s  l o g ( &  1 being l i n e a r  a t  

low x. We e x t r a c t e d  d a t a  from Figs .  1 and 2 t o  g ive  independent s e t s .  
2 

3 .  CHEMICAT, T'HEKMODYNMIC REPRESENTATIONS 

There are a number of o b j e c t i v e s  i n  developing a chemical 

thermodynamic r e p r e s e n t a t i o n  of t h e  nonstoichiometry of t h e  ""13" com- 

pound. The d a t a  i n d i c a t e  t h a t  t he  chemical formula can be w r i t t e n  as 

YBa2Cu307-x, w i . t h  O<x<l. 

t h e  s lope  of the exper imenta l  l n ( x ) - l n ( p 6  ) d a t a  as x approaches ze ro ;  

here  p6* i s  the. oxygen p r e s s u r e  i n  MPa d iv ided  by t h e  s t anda rd - - s t a t e  

p r e s s u r e ,  0.101 MPa. A p l o t  of t hese  v a r i a b l e s  i s  conmonly used f o r  

nons to i ch iomet r i c  systems and the  s lope  u s u a l l y  approaches a cons t an t  

va lue  as x becomes s m a l l .  A t  s m a l l  v a l u e s  of x ,  t h e  r e p r e s e n t a t i o n  t o  be 

developed here  reduces t o  the  simple expres s ion  

One o b j e c t i v e  i s  an a c c u r a t e  r e p r e s e n t a t i o n  of 

2 

l n (pCg)  = a/T + b - s1 ln(x) . 

i n ( p t 2 )  = C / T  +- a + S* i n (  1 x 1  . 

( 1 )  

A second o b j e c t i v e  i s  t h e  analogous r e p r e s e n t a t i o n  of the  In (  l-x)-ln(po * ) 
2 

d a t a  as x approaches u n i t y ,  which w i l l  reduce t o  t h e  s i m p l e  expres s ion  

( 2 1  
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H e r e ,  T i s  temperature  i n  k e l v i n ,  a ,  b ,  c ,  and d are c o n s t a n t s ,  s1 i s  the  

a b s o l u t e  va lue  of t h e  s lope  of the  i so the rma l  1n (pc2)  - l n ( x )  p l o t  as 

x -+ 0, and s2 i s  s i m i l a r l y  def ined  as (1-x) + 0. 

has  been developed a t  ORNL f o r  o t h e r  nons to i ch iomet r i c  ox ides ,  12-1* and 

w i l l  t hus  be desc r ibed  here i n  abbrev ia t ed  fash ion .  

The gene ra l  approach 

Seve ra l  c o n s i d e r a t i o n s  l ead  t o  the  f i n a l  r e p r e s e n t a t i o n .  The start- 

ing  p o i n t  i s  a chemical equ i l ib r ium invo lv ing  oxygen and, i n  t h e  p re sen t  

case, two "mass parameters" t h a t  are analogous t o  chemical s p e c i e s  i n  a 

s o l i d  s o l u t i o n ,  t he  only d i f f e r e n c e  being t h a t  mass parameters  may be 

composed of non in tege r  numbers of atoms. For t h e  p re sen t  system, t h e  

exper imenta l  0/6M d a t a  permit  one t o  w r i t e  two independent mass-balance 

e q u a t i o n s ,  one f o r  t h e  t o t a l  mols of oxygen (7-x) and one f o r  t h e  t o t a l  

mols of metal ( 6 ) ,  and thus  the  11101s of two independent mass parameters  

may be determined. 

achieved by assuming t h a t  one of mass parameters has an 0/6M of 6 and the  

second mass parameter has  an 0/6M of 7.  These c o n s i d e r a t i o n s  l ead  t o  the  

equ i l ib r ium t o  be used h e r e ,  

S ince  t h e  0/6M va lues  range from 6 t o  7 ,  t h i s  can be 

which i s  abbrev ia t ed  t o  

The lef t -hand mass parameter has t h e  oxygen-to-metal  r a t i o  a t  x 1, 

i.e., 0/6M = 6 ,  and t h e  r ight-hand one t h a t  f o r  x = 0,  where 0/6M = 7. 

The mols af each  are des igna ted  as ml and m2, r e s p e c t i v e l y ,  and are 

c a l c u l a t e d  from the  mass-balance equa t ions  f o r  t h e  metals 

6 = (12/sl) ml + ( 1 2 / s 2 )  m2 

and f o r  oxygen 

7 - x = ( 1 2 / s l )  m1 + ( 1 4 / s 2 )  m2 . 
Upon so lv ing  f o r  t he  mols, one o b t a i n s  

m1 = 0.5 s1 x 

and 
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m2 = 0.5 s2 (1-x) . 
These va lues  are used t o  c a l c u l a t e  the mol f r a c t i o n s  N1 and N2. 

equ i l ib r ium cons tan t  f o r  t he  equ i l ib r ium of E q .  ( 4 )  l e a d s  t o  

The 

RT ln(pC2) (J/mol> = AH?,, - TAS:, 4- s2 RT ln (N2)  - s1 RT ln(N1) (9) 

i n  which R i s  t h e  gas  c o n s t a n t ,  AH:,, i s  the  s tandard  en tha lpy  f o r  t he  

equ i l ib r ium,  and AS:,, i s  t h e  s tandard  entropy.  

i n  a l ea s t - squa res  f i t  of t h e  experimental  d a t a  f o r  each c r y s t a l l i n e  

s t r u c t u r e  of t h e  "123" compound, and gave the  va lues  of the en tha lpy ,  

en t ropy ,  sl, and s 2 .  

t o  i t e r a t e  over  s e v e r a l  assumed va lues  of s1 and s 2 ,  wi th  the  en tha lpy  

and en t ropy  terms being determined a t  a given  value of s1 and s 2 ,  and 

with t h e  bes t  f i t  being t h a t  w i t h  t h e  smallest r e s i d u a l s .  The r e s u l t i n g  

v a l u e s  f o r  each  s tudy are g iven  i n  Table 1, 

T h i s  equat ion  w a s  used 

To do t h i s ,  a l i n e a r  l ea s t - squa res  method w a s  used 

Table 1. F i t t e d  va lues  for Eq. ( 9 )  

G a l  l a g  her 

Kishioa 

Specht 

S t r o b e l  

Yamaguchi 

Gallaghe r 

Kishio 

Specht 

S t r o  b e l  

Y amag uc h i  

4.0 

5.0 

2.5 

6.0 

3.0 

6.0 

LbOO 

6.0 

2.5 

5.0 

Orthorhombic phase 
--I 

3.5 -225300 

2.0 -209800 

3.0 -160700 

2.0 -151800 

2.5 -1 67000 

Tetragonal  phase 

3 .O -205300 

3.0 -185700 

2.0 - 1 4 6 300 

2,o -163100 

2.5 -168100 

-213.4 

-206.5 

-152 - 8  

-147.3 

-166.8 

-196.1 

-173.9 

-144.6 

-157.5 

-170.2 

ak)ata below 500°C were not  f i t t e d  because the  0/6M va lues  approach 
6.93 i n s t e a d  of 7. 



7 

It should be noted t h a t  f o r  a l l  t h e  d a t a  sets the  cond i t ions  fo r  the  

orthorbornbic-to-tetragonal t r a n s i t i o n  were obta ined  from Specht e t  al.. 

The va lue  of x a t  the t r a n s i t i o n ,  x t r ,  can be approximated by 

i n  wEBich Ttr i s  the t r a n s i t i o n  temperature  i n  ke lv in .  

oxide-oxide-oxygen e q u i l i b r i a ,  the  oxygen p o t e n t i a l  f o r  t h e  t r a n s i t i o n  

should be n e a r l y  linear w i t h  t empera ture ,  which l e a d s  t o  

A s  w i t h  most 

log10 (PO2,tr  * ) 11.53  - 10929 Ttr-l  . (111 

4 .  DISCUSSION 

Some of t he  l i t e r a t u r e  d a t a  are compared i n  Figs .  1 and 2. Data 

nea r  ?73  K and 1073 K are p l o t t e d  i n  Fig.  1, and the r e s u l t s  of Specht e t  

a l . , 3  S t r o b e l  et a l ,4  ( a t  813 K and 1065 K ) ,  and Ymaguchi e t  a l e 5  e x h i b i t  

s i m i l a r  behavior.  

c l e a r l y  d e v i a t e  from the rest. 

p l o t t e d ,  

( 8 ) ,  and i s  a convenient  way t o  p l o t  d a t a  and f i t s  of d a t a  because i t  

i l l u s t r a t e s  the  usual. Henrian l i n e a r  behavior  as 0/6M approaches fa o r  7. 

This  p l o t  c l e a r l y  demonstrates  the  d e v i a t i o n  of the  d a t a  of Kishics e t  al 

r e s u l t i n g  from their l i m i t i n g  Q/6M value  of 6.93. In both  Figs ,  1 and 2 ,  

t h e  d a t a  o f  Yamaguchi e t  al.5 are d i sp laced  somewhat f o r  no apparent  

reason, but Pig .  2 demonstrates  t h a t  an e r r o r  i n  specimen temperature  a t  

a given  x could be one exp lana t ion .  It i s  a l s o  apparent  from Pig.  2 t h a t  

6he d a t a  d i s a g r e e  more as po i s  lowered, which sugges ts  t h a t  equ i l ib r ium 
2 

may be more d i f f i c u l t  t o  e s t a b l i s h  a t  t h e s e  lower va lues .  

The 773 K d a t a  of Kisbio e t  a l e 2  and Gal lagher  e t  ale1 

I n  Fig.  2 ,  d a t a  at p; = 1 and 0.01 are 
2 

The abcissa f o r  t h i s  f i g u r e  r e s u l t s  from ml'm2=2, E q s ,  (7 )  and 

* 

S e l e c t i o n  of the  best d a t a  sets i s  d i f f i c u l t ,  bu t  the d a t a  of 

Spesht  e t  a1.3 and S t r o b e l  e t  a l m 4  are t h e  most c o n s i s t e n t  w i t h  one 

ano the r  over the  e n t i r e  exper imenta l  range of v a r i a b l e s .  Pre l iminary  

exper imenta l  r e s u l t s  f ron  an i n v e s t i g a t i o n  t o  r epor t ed  later19 are 

also i n  b e s t  agreement: w i t h  these  t w o  s t u d i e s .  

The parameters  g iven  FA Table 1 were used t o  c a l c u l a t e  t he  f i t t ed  

behavior  fo r  each l i t e ra ture  s tudy.  These r e s u l t s  are g iven  w i t h  t h e  
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10  

exper imenta l  d a t a  i n  F igs .  3 t o  7. Copies of t h e s e  f i g u r e s  can be 

superimposed over a l i g h t  box ta f u r t h e r  i l l u s t r a t e  the s imi la r i t i es  and 

d i f f e r e n c e s  of t h e  data sets. 

The p a r t i a l  molal en tha lpy  and en t ropy  of oxygen a t  g iven  0/6M va lues  

a r e  a l s o  use fu l  f o r  comparison purposes. The p a r t l a l  molal en tha lpy  of 

oxygen, AZ(02), i s  AH&, given i n  Table 1 f o r  Eq. ( 9 ) .  

en t ropy  of oxygen a t  a given 0/6M i s  AS?,, - s 2 K  ln (N2)  + slR ln (N1) ,  as 

can be seen from Eq. ( 9 ) .  These va lues  are g iven  i n  Table 2. Thus a t  a 

g iven  O / 6 M ,  

The pa r t i a l  molar 

RT I n ( &  ) (J/mol) AH:,, - TA3(02)  . (12)  
2 

Table 2. Pa r t i a l  molal en t ropy  of oxygen, Eq. (12)  

First author  

G a l  l a g  he r  Kishio Specht s t Kobe1 Yamaguchi 
___--_ ._-I- 

0/6M (J*mal-1*K-l) 

6.997 
6.990 
6.900 
6.800 
6.700 
6.600 
6.500 
6.400 

5.700 
6.600 
6.500 
6.400 
6.300 
6.200 
5.100 
6.030 
5,010 

-402.1 
-361.8 
-282.5 
-256.1 
-238.8 
-224.8 
-212.1 
-199.6 

-219.2 
-202.9 
-188.9 
-175.9 
-162.5 
-147.2 
-125.4 

-92.5 
-64.3 

Orthorhombic phase 

-410.0 
-360.0 
-265.9 
-238.1 
-221 "8 
-209.7 
-199.3 
-190.4 

-277.3 
-252.1 
-201.9 
-184.6 
-172.9 
-163.2 

-144.8 
-154.1 

Tet ragonal  phase --__..-- 

-196.3 
-183.1 
-171.4 
-160.0 
-147.9 
-133.6 
-1 12 6 
-so. 2 
- 5 2 - 2  

-159.6 
-146.6 
-135.9 
-126.3 
-115.7 
-105.9 

-91.0 
-68.9 
-50.0 

-382.4 
-322 7 
-211.7 
-180.3 
-162.3 
-149.3 
-138.6 
-129.0 

-172.3 
-153,8 
-156.2 
-148.8 
-140.9 
-131.5 
-117.6 

-96.1 
-77.4 

-307. I 
-276.9 
-217.6 
-197.9 
-185.1 
-174,8 
-?65.5 
-156.4 

-189.5 
-175.9 
-164.2 
-153 "3  
-142,Z 
-123.4 
-111.2 

-83.9 
-60.4 
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F i g a  3. Data of Gallagher e t  al. along wi th  f i t t e d  behavlcar, Eq. ( 9 )  
and T a b l e  I ,  a t  the o r i g i n a l  experimental  t empera tures ,  The dashed Bine 
is the orthorhonbic-to-tetragonal transition from ~ p e c h t  et ax 3 
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Fig.  4 ,  Data of E s h i o  et al. along with fitted behavior,  Eq.  (9 )  
and Table 1 at the original experimental temperatures. 
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Fig. 5 .  Data of Specht ea: ale along with f i t t e d  'behavior, Eq.  ( 9 )  
and Table 1, at the o r i g i n a l  experimental temperatures. 
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F i g .  4. Data o f  Strobe1 et ala along with fltted beliavlor, @qb ( 9 )  
and Table 1 ,  at the o r i g i n a l  experimental temperatures. 
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F i g .  7. Data of Yamaguchi et ale along with fitted behavior, E q ,  (9) 
and Table 1, at the  original experimental temperatures. 
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APPENDIX 9. DATA BASE FOR NQNSTOFCHLOMETRY IN YBa2Cu,0.7-, 

Gallagher, MQ. C e r a m .  Mater. 
- 2 ( 3 B 1 ,  632, 1987, F ig .  5 

947 
857 
899 

7 42 
897 
8 08 
7 53 
3 15 
9 03 
802 
7 27 
679 
6 08 
797 
7 22 
653  
6 24 
557 
7 17 
657 
597 
572 
523 
663 
612 
547 
5 27 
493 
600 
553 
496 
482 
44'; 
5 15 
485 
434 
4 26 
4 17 

a 44 

-2 IO008 
-3 e 0400 
-1 "7000 
-2.0000 
-3 * 0400 
-0.6700 
-1,7000 
-2 ., 0000 
-3 a 0400 

0 (I 0000 
-0.6700 
-1 .74)00 
-2" 0000 
-3 e 0400 

0.0000 
-0.saoo 
-1.7000 
-2 I 0000 
-3 e 0400 

0 0000 
-0,6730 
-1 " 7000 
-2 0000 
-3.0400 

0" 0000 
-0,67019 
-1.7000 
-2 e 0000 
-3 I 0400 
0 s OOOO 

-0,4700 
-1,7000 
-2 1) 0000 
-3.0400 
11.0000 

-0,6700 
-1 .7000 
-2 .OORQ 
- 3  0400 

6 * 1000" 
6.31000 
6 e 2000 
6.2000 
6.2000 
6 ./ 3000 
6.3000 
6.3000 
$. 3000 
6.4000 
b e 4000 
6.400O 
6 4000 
6.4QQO 
6,5800 
6.5080 
6.5000 
6.5008 
6.5000 
6.6000 
4 e 6000 
6 6008 
6 e 6000 
6. 60f)O 
6.70QO 
6.7000 
6.7000 
6.7000 
6.7000 
6.8080 
6 * SO00 
6.8000 
6.8000 
6 "$000 
6.9000 
6.9000 
6 e 90011 
6.9000 
6 e 9000 

Gallagher Asrv . Gram I Mater, 
_I 2 ( 3 3 )  6 3 2 ,  1987, Fig.. 2 

9 00 -3  .or, 6,055 
9 00 -2.019 6.15 

9 00 
900 
900 
800 
800 
800 
800 
800 
7 00 
700 
7 00 
700 
7 00 
600 
600 
600 
600 
600 
500 
500 
500 
500 
500 

-1.70 
-0,678 

-3 4 Or,  
-2 .00 
-1.70 
-0.578 

-3.04 
-2.00 
-1.7 
-0.678 

0 
-3.04 
-2 I 0Q 
-1.7 
-0.678 

0 
-3.04 
-2.00 
-1.70 
-0.678 

0 

0 

0 

6.20 
6.29 
6 405 
6.145 
6.245 
6.310 
6.4 
6.505 
6.24 
6.37 
6.44 
6.53 
6,645 
6.41 
6*55  
6.64 
6.735 
6.82 
6 685 
6,77 
6 .( 805 
6.885 
6.925 

Kishio,  Japn. J. App. Phys. 26 
_I_ 

L1228-30, 3987, F i g .  1 

1000 
1000 
1000 
1000 
950 
950 
950 
950 
9 50 
9 50 
950 
900 
9 00 

0 
-0.17 
-0.41 
-0 a 67 

-0.17 
-0*41  
-0.67 
4 - 8 5  
-1 -00 
-1 0 12 

-0.17 

0 

0 

6.301 
6,272 
0,237 
6*192  
6.3S52 
6.3153 
e; * 288 
6 249 
6,216 
6.210 
6 ,, 179 
6.395 
6.366 

900 -0.41 6 * 327 
900 -0.67 6 (. 288 
900 -0.85 6.252 
9 00 -1 12 6 I) 214 
900 -1.35 6,185 

"These numbers are, r e s p e c t i v e l y ,  temperature in Celsius log 1 0  ( P o 2 )  * 
and 0/6M. 
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S t r o b e l ,  Solid St, corn. 
6 4 ,  513 ,  1987,  Fig .  B - 
540 0 
590 0 
640 0 
684.5 0 
7 40 0 
792 0 
8 37 0 
5 40 -0.62 
590 -0.62 
6 40 -0.62 
684.5 -0.62 
7 40 -0.62 
792 -0.62 
a 37 -0.62 
5 40 -1.35 
590 -1.35 
640 -1.35 
684,5 -1.35 
7 40 -1 -35  
792 -1.35 
837 -1.35 
5 40 -1.98 
590 -1 -98 
4 40 -1.98 
684.5 -1.98 
7 40 -1.98 
792  -1.98 
8 37 -1.98 
5 40 -3 .  QO 
590 -3.00 
640 -3.00 
684,5 -3.00 

6.908 
6.842 
4.762 
6.670 
6.401 
4.540 
4.487 
6.541 
6.756 
6.650 
6,570 
6.499 
6 e 423 
6.352 
6.7 15 
6.597 
6.506 
6.420 
6.338 
6.273 
6.215 
6.592 
6,482 
6.389 
6.300 
6.232 
6.178 
6.141 
6.437 
6,320 
6,211 
6.148 

6375 
875 
875 
875 
875 
875 
875 
875 
875 
875 
797 

-2,13 
-1.90 
-1.69 
-1.46 
-1 e 24 
-1.01 
-0.79 
-0 * 57 
-0 * 36 
-0.14 
-2 *13  

6.0571 
6.0914 
6.1239 
6 1564 
4.1925 
6 2287 
6 e 2666 
6.3063 
6.3461 
6 e 3840 
6 e 1239 

797 
797 
797 
797 
797 
797 
797 
797 
797 
739 
7 39 
739 
7 39 
7 39 
739 
739 
739 
739 
7 39 
665 
465 
665 
66 5 
66 5 
665 
665 
645 
645 
465 
588 
588 
588 
588 
588 
588 
588 
588 
588 
588 
503 
503 
503 
503 
503 
583 
503 
503 
503 
503 

-1 .(Do 
-1.69 
-1.46 
-1.24 
-1 .Q1 
-0.79 
-0.57 
-0 I 36 
-0.14 
-2,13 
-1.98 
-1 -69 
-1.46 
-1.24 
-1 "01 
-0.79 
-0-57 
-0.36 
-0.14 
-2.13 
-1 .90 
-1.69 
-1.46 
-1.24 
-1.01 
-0.79 
-0*57 
-0.36 
-0.14 
-2.13 
-1.90 
-1.69 
-1.46 
-1 ,24 
-1.01 
-0.79 
-0.57 
-0.36 
-0,14 
-2.13 
-1.90 
-1.49 
-1.46 
-1.24 
-1 "01 
-0.79 
-0.57 
-0.36 
-0.14 

6.1636 
6.2014 
6.2395 
6.2828 
6.3190 
6,3587 
6.3984 
6.4418 
4.4779 
6 1745 
6.2214 
6.2612 
6.3063 
4.3515 
4.3912 
6.4310 
6.4743 
6.5140 
6.5502 
6.2828 
6 2 2 9 8  
6.3912 
6.4201 
6.4635 
6.5014 
6.5393 
6.5773 
6.6134 
6.6495 
6.4273 
6.4707 
6.5140 
6.5556 
6.5935 
6.6369 
6 e 6802 
6.7200 
6.7561 
5.7904 
4,6369 
6.6694 
6,7091 
6.7489 
6.7814 
6.8139 
6 a 4 4 6  
6 A 6 7 0  

6.9078 
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Yamaguchi 
Phys, 27, 
-I 

8 50 
8 00 
8 00 
8 00 
7 00 
7 00 
7 00 
7 00 
6 00 
600 
6 00 
600 
500 
5 00 
5 00 
500 
400 
4 00 
400 
400 
350 
350 
350 
350 

Japn. J. Appl.  
L179, 1988, Fig.1 

0 
0 

-0.699 
-1.886 

-0.699 
-1.886 
-2.658 

-0.699 
-1.886 
-2 I 658 

-0.699 
-1.885 
-2.658 

-0.699 
-1.886 
-2.658 

-0.699 
-1.886 
-2 658 

0 

0 

0 

0 

0 

6.40 
6.455 
6.335 
6.165 
6.595 
6.473 
6.270 
6.170 
6.760 
6.648 
6.438 
6.310 
6.900 
6.840 
6.670 
6.535 
6.970 
6.950 
6.888 
6.818 
6.985 
6.972 
6.940 
6.890 

Yamaguchi , Japn. J .  Appl . Yhys . - 27 
L179, 1988, F ig .  2 

--- 

8 50 
8 00 
800 
8 00 
7 50 
7 50 
7 50 
7 00 
7 00 
7 00 
6 50 

0 
0 

-1 
-2 

0 
-1 
-2 

0 
-1 
-2 

0 

6.3763 
6.4377 
6.2672 
6.1190 
6.5102 
5.3317 
6.1721. 
6.5783 
6.3905 
6.2326 
6.5533 

650 
650 
6 50 
600 
600 
600 
600 
550 
550 
550 
550 
500 
500 
500 
500 
450 
450 
4.50 
450 
400 
GOO 
400 
400 
350 
3 50 
350 
350 

-1 
-2 
-3 

0 
-1 
-2 
-3 

0 
-1 
-2 
-3 

0 
-1 
-2 
-3 

0 
-1 
-2 
-3 

0 
-1 
-2 
-3 

0 
-1 
-2 
-3 

6.4812 
6.3113 
6.1872 
6.7459 
6.5783 
6.3974 
6.2501 
6.8282 
6.5727 
6 I 5045 
6.3543 
6.8965 
6.8005 
6.6198 
6.4630 
6.9425 
6.8825 
6.7656 
6.6019 
6.9687 
6.9369 
6.8741 
6.7488 
6.984.5 
6.9680 
6.9354 
6.8682 

Takayama-Muromachi , Japn e 
J. Appl.  Phys. 26 L1156, 1987, 
F i g .  1 
- _I_ 

3'70 
4 1 3 
511 
59 3 
653 
697 
800 
900 
903 

-0 
-0.680 
-0.680 
-0.680 
-0.680 
-0 680 
-0.680 
-0.680 
-0.680 

7 .OO 
6.975 
6.87 
6.73 
6.61 
6.52 
6.37 
6.3 
6.27 
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