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TITLE: FABRICATION AND MASS TRANSPORT
IN  H IG H  T c  S U P E R C O N D U C T O R S  

A B S T R A C T

T h is w ork  in vestigates th e  b eh aviou r o f  th e  h igh  critical tem perature  
(T c ) superconductors Y B a2C u3 0 7 _ 5 (Y B C O ) and B q .7P b o .3S r2C aC u 20x  
(B P S C C O ) but o n ly  prelim in ary  exp erim en ts are rep orted  for  B P SC C O . 
Fabrication , cation  substitu tion , o x y g e n - io n  concentration  and con d u ctiv ity / 
d iffu sion  re la ted  p ro p erties h a v e  b e e n  exam ined .

S ev era l m eth od s o f  fab rica tion  h a v e  b e e n  in vestigated  for  Y B C O  in  
order to  o p tim ize  th e  p h ase purity and th e  p rop erties o f  th e m aterial. 
S o lid  state reaction  has sh o w n  to  b e  a sim p le and e ffic ien t m eth od , w h ile  
evaporation  fro m  nitrates and fr e e z e  drying did  not p roduce g o o d  q u ality  
m aterial. M aterial p rod u ced  w ith  m ist p yrolysis, h o w ev er , w as o f  v ery  
g o o d  quality .

R ep lacem en t o f  th e  rare earth  (R .E .)  cation  Y  b y  E r, G d  and N d  has 
b e e n  a ttem p ted  sim ultan eou sly  w ith  e ith er  barium  d efic ien cy  or d op in g  o f  
th e  B a  site  w ith  potassium . In  a ll cases th e  u n d op ed  (R .E .)B a 2C u3C>7 _ 6 
m aterial had a T c o f  around 90 K  w h ile  B a -d e f ic ie n c y  or K -d o p in g  
resu lted  in  a drop o f  T c , e x ce p t fo r  Y B a2 _ xKx Cu3 0 7 _  5.

O x y g en  sto ich iom etry  in  Y B C O  d eterm ines th e phase (orth orh om b ic  
or tetragon al) and also  w h eth er  th e  m aterial is  a su p erconductor. 
T h er e fo r e , th e  orthorhom bic to  tetragonal ( O - T )  transition tem p eratu re  
w as exam in ed  b y  X R D  in  q u en ch ed  m aterial or in - s i tu  b y  n eu tron
diffraction . Potassium  d o p ed  m aterial had a h igher O - T  transition
tem perature than u n d op ed  Y B C O  w h en  exam in ed  b y  X - r a y  d iffraction  
(X R D ) in  q u en ch ed  m ateria l, but n o  d ifferen ce  w as d etected  b y  in situ  
n eu tron  d iffraction .

O x y g en  con d uctiv ity  at 4 0 0 -8 0 0  C w as d eterm in ed  b y  a so lid  state  
e lectro ch em ica l m eth od  using a c e ll  consisting o f  a m ix ed  conductor (  A g ,  
Y B C O  or B P SC C O ) b e tw e e n  tw o  e lectro n ica lly  b lock in g , io n ica lly
rev ersib le  e lec tro ly te  p e lle ts  (Y ttiu m  S tab ilized  Z ir c o n ia -Y S Z  or
^ 1 .7 5 ^ 1 ^ 0 .2 5 0 3 -B iS m ). U sin g  D C  and A C  (im p ed a n ce) tech n iq u es, th e  
o x y g e n  con d uctiv ity  and th erefo re  th e  d iffu sion  c o effic ien t w as ob ta in ed  
and com p ared  w ith  resu lts fro m  o th er  investigations.
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1. IN T R O D U C T IO N

E lectr ica l ceram ics are a re la tiv e ly  n e w  f ie ld  that em erged  w ith  the  
d ev elo p m en t o f  ceram ic tec h n o lo g y  during th e last four decades [1]. T h ey  
h ave a large variety  o f  app lications and a q u ick ly  grow in g share o f  the  
m arket [2]. T h e  applications range fro m  th e area o f  e lectron ics (substrates, 
capacitors) to  transducers, sen sors and m agnets [3]. N e w  tech n o lo g ie s  and  
n e w  products em erg e  as th e  resu lt o f  d ev elop m en t o f  n ew  m aterials w ith  
in terestin g  p rop erties. C eram ic m aterials can b e  insulators, sem icon d u ctors, 
m eta llic  conductors or e v e n  su p erconductors.

C eram ic h igh  tem p eratu re superconductors h ave b e e n  a m ajor  
sc ien tific  breakthrough fo r  th e last th ree  years. E v en  th o u g h  
supercon d u ctiv ity  w as d isco v ered  b y  K. O nnes in  1911 [4] at 4 .2  K  fo r  H g, 
it w as not until 1986 that h ig h  tem perature superconductiv ity  w as fo u n d  
b y  B ed n orz  and M u lle r  [5] at IB M  L aboratories in  Z urich  in  the  
L a2 - xB ax C u0 4  ceram ic su p ercon d u ctors at around 30 K.

Supercond u ctiv ity  is n ot a rare p h en om en on . U n til 1986, about tw en ty  
eigh t e lem en ts  o f  th e  p er io d ic  sy stem  and approxim ately  700 com p ou n ds  
and a lloys had  b e e n  fo u n d  to  b e  superconducting [6]. A llo y s  su ch  as 
N b 3Sn w ith  a transition tem p eratu re  o f  18 K  and h igh  critical current, 
en a b led  com m ercia l applications.

T h e  h igh est transition  tem p eratu re  until th en  w as 23 .2  K  w ith  th e  
su p erconductor N b 3G e. O ther m aterials that w e re  k n ow n  to  d isp lay  
su p ercon d u ctiv ity , w e re  organic com pounds w ith  lo w  transition  
tem peratures ( 1 - 2  K ) and ox id es. S le igh t et al. [7] fou n d  B a (P b ,B i) 0 3  to  
b e  superconducting at ap p rox im ately  12 K  in  1975. T heir w ork  m otiva ted  
B ed n orz and M u ller  [5] w h o  d iscovered  su p erconductiv ity  in  the  
L a - B a - C u - O  system  near 30  K  at 1986. T h is w as a start to  an en orm ou s  
d ev elo p m en t o f  supercon d u ctiv ity . A s  it can b e  se e n  fro m  figu re  1.1, th e  
average increase o f  critical tem p eratu re due to  d iscovery  o f  n e w  m ateria ls, 
w as 4  d eg rees per d ecad e u n til 1986. L ater, th e n e w  ceram ic  
superconductors such  as L a(2 - x ) ^ rx ^ u^ 4  [8 ,9], Y B a2Cu3<>7 _ 5 d isco v ered  
b y  C hu e t al. [10], B i2Sr2C aC u2Q x  b y  M aeda [11] and T l2B a2C aC u2Q x  b y  
S h en g  and H erm ann [12] raised  th e critical tem perature to  125 K.

A p p lication s such  as p o w e rfu l m agnets, sen sitive  m agn etom eters  
(S Q U ID ’s -  S u p erconducting Q uantum  In terferen ce  D e v ic e s )  and o th er  
d ev ices , w o u ld  h ave b e e n  im p o ssib le  w ithout superconductiv ity . T o d a y , th e  
d iscov ery  o f  n e w  m aterials w ith  m u ch  h igher transition  tem peratures w ill
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F ig u re  1.1: T h e  in crease  o f  critical tem perature d u e to  th e  d isco v ery  o f  
n e w  m aterials.
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o p e n  th e  w ay  fo r  oth er app lications and m ake m uch cheaper th e ex istin g  
on es.

S u p ercond u ctiv ity  at tem p eratu res greater than 77 K  g iv es  th e  
p rosp ect o f  rep lacing  liq uid  h eliu m  w ith  liquid  n itrogen  as a coolant. T his  
w ill resu lt in  ap p lication s/ d ev ices  w ith  sm aller s ize  and capital cost sin ce  
liqu id  n itrogen  d oes not req u ire th e soph isticated  refrigeration  and  
insulation  system s u sed  fo r  liq u id  h eliu m  and also  sm aller operating  cost 
sin ce  th e  p rice  o f  liqu id  n itrogen  is a ten th  o f  th e  p rice  o f  liq u id  h eliu m .

M ain o b jec tiv es  o f  research  fo r  th e application  o f  th ese  n o v e l  
m aterials are th e op tim iza tion  o f  critical tem perature T c , critical current 
Jc and p h ysica l p rop erties th rou gh  th e  d ev elop m en t o f  fab rication  
tech n iq u es and th e  k n o w le d g e  o f  th eir  structure and behaviour.

M uch w ork  is th erefo re  b e in g  d on e in  th e  in vestigation  o f  
fu ndam ental su p ercon d u ctive , m agn etic , structural, ch em ica l and oth er  
p rop erties. A ttem p ts to  p rod u ce a n e w  th eory  that can exp la in  and p red ict  
su p ercon d u ctiv ity  are under w a y , but w ith  n o  success fo r  th e  tim e b ein g .

V arious substitutions o f  th e cations h ave b e e n  attem p ted  in  
Y B a2C u3 0 7 _ 5  (Y B C O ) in  ord er to  im p rove th e  su p ercon d u ctive  
p rop erties but in  m ost o f  th e  cases th ere w as a d ecrease  o f  T c . O x y g e n  
con ten t has b e e n  id en tified  as a crucial factor for  su p ercon d u ctiv ity  and  
m uch w ork  has b e e n  d ev o ted  to  th e  structural changes that occur w ith  th e  
variation  o f  o x y g e n  con ten t and th eir  relation  to  su perconductiv ity , as w e ll  
as th e  o x y g e n  k in etics o f  Y B C O .

C on tro l o f  th e m icrostructure has also b e e n  an im portant f ie ld , sin ce  
im purities and grain boundaries apparently  act as w eak  links lim itin g  th e  
va lu es o f  Jc , esp ec ia lly  under the in flu en ce  o f  m agnetic  f ie ld s. H ig h ly  
orien ted  th in  film s w ith  g o o d  Jc have b ee n  prepared , w h ile  lo w e r  Jc 
va lu es are ob ta in ed  fo r  bu lk  sam p les. C onsiderab le e ffo r t is b ein g  d on e  
fo r  th e  fabrication  o f  or ien ted  b u lk  sam ples in  order to  im p rove their  
current -  carrying capability .

T h is th esis is con cern ed  w ith  th e  fabrication  and in vestigation  o f  th e  
p ro p erties o f  b u lk  ceram ic superconductor Y B a2C u3C>7 _ 5 (Y B C O ). 
S ev era l fabrication  tech n iq u es have b ee n  exam in ed , m ist pyrolysis b ein g  
th e  m ost p rom ising . C h em ica l sub stitu tion /d op ing o f  th e  Y  and B a cations  
and its e ffe c ts  o n  th e  structure, supercon d u ctiv ity  and  
o r th o r h o m b ic -to -te tr a g o n a l ( O - T )  transition w as investigated . A  so lid  
state e lectro ch em ica l tech n iq u e  w as em p lo y ed  fo r  th e  determ ination  o f  
o x y g e n  con d uctiv ity  and th e  d iffu sion  co effic ien t w as calcu lated . O x y g e n  
k in etics w e re  a lso  exam in ed  fo r  th e B i2 _ x P bx Ca2SrCu2 0 g (B P S C C O )  
ceram ic superconductor.
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2. L IT E R A T U R E  S U R V E Y

2.1. S u p erco n d u ctiv ity

2.1.1. G en era l

A s  a m eta llic  m ateria l is  c o o le d , its e lectrica l resistiv ity  d ecrea ses, 
sin ce  th e  lattice  vibrations, and th erefo re  th e  e lectro n  scattering, d ecrea se. 
A s th e  tem perature approaches 0  K , th e  resistiv ity  tends to  a  constant 
(resid u a l) va lu e , caused  b y  im purities and other d efects  w h ich
d estroy /d istort th e  p er fec t p er io d ic ity  o f  th e  lattice [13].

In  th e  case o f  a su p ercon d u ctor , at a su ffic ien tly  lo w  tem p eratu re, the  
resistiv ity  drops su d d en ly  to  z e r o  (fig u re  2 .1 ) and th e  m aterial u n d ergoes  
a seco n d  order phase transition  fro m  th e norm al to  th e su p ercon d u ctive  
state. T h is tem perature is c a lled  th e  critical or transition tem perature ( T c).

T h e  on set o f  su p ercon d u ctiv ity  (T co n set) is usually  d efin ed  as the  
tem perature at w h ich  th e resistiv ity  is 90% o f  th e  norm al and m id p oint 
( ^ m id p o in t )  th e  tem p eratu re at th e  m idpoint b e tw e e n  10% -90%  o f  the  
norm al resistiv ity  (fig u re  2.1). A ltern a tiv e ly , it can b e  d efin ed  as th e  p oin t 
w ere  th e  seco n d  d erivative o f  th e  resistiv ity  b eco m es zero . F in a lly , the  
z er o  resistance transition tem p eratu re  (T c^ = ^) is another v ery  im portant 
characteristic, esp ec ia lly  fro m  th e app lication  poin t o f  v iew .

T h e  m agnetic  p rop erties o f  a  su p erconductor are d ifferen t fro m  th o se  
o f  a  norm al conductor. A  b u lk  su p erconductor w ill e ject all th e  f lu x  lin es  
o f  a w eak  m agnetic  f ie ld , b eh a v in g  as a p er fec t d iam agnet (fig u re  2 .2) 
[4], so  that th ere  is n o  m agn etic  f ie ld  w e ll w ith in  th e sp ecim en . T h is  is 
th e  M eissner e ffe c t , first o b serv ed  in  1933 b y  M eissner and O sch en fe ld  
and is a ch ieved  b y  p ersisten t su rface currents w h ich  f lo w  in  a la yer  o f  
fin ite  th ick n ess Xl  and h en ce  th e  f ie ld  d oes p en etrate  a d istance x l  w h ich  
is ca lled  th e  London penetration depth.

If th e  m agn etic  f ie ld  in creases, m aterials b eh a ve  in  tw o  w ays: th ey  
either cease  su d d en ly  to  b e  su p erconductors ab ov e  a critical m agn etic  f ie ld  

and th e  f lu x  lin es p en etra te  th e m aterial co m p le te ly  ( ty p e  I 
sup ercon d u ctors) or th e  f lu x  starts p enetrating th e  m aterial at a f ie ld  H ci,  
but part o f  it rem ains su p ercon d u ctive  up to  a va lu e  o f  H c2  ( ty p e  II 
su p ercon d u ctors). T h e  tw o  ty p es o f behaviour are illustrated  in  fig u re  2 .3 , 
w h ere  th e  ap p lied  m agnetic  f ie ld  is p lo tted  against m agnetization . H c2 has 
a v ery  h igh  va lu e  com p ared  to  th e  H q o f  typ e  I m aterials.
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F igure 2.1: T h e  chan ge o f  resistiv ity  during th e  su p ercon d u ctive transition

F igure 2.2: T h e  M eissn er e ffe c t:  th e  m agnetic  f ie ld  is e x p e lle d  b y  th e  
supercon d u ctor [4].
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F igu re 2.3: M agn etiza tion  versu s a p p lied  m agnetic  f ie ld  in  ty p e  I and ty p e  
II su p erconductors.
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T h e  d istance o v er  w h ich  su p erconducting e lectro n s b eh a ve in  a rigid  
w ay is ca lled  coherence length  ($ ) . T h e  rela tive  m agnitude o f  Xl  and  $ 
d eterm ines w h eth er  th e m aterial is ty p e  I or II superconductor. If $ / x l> 1, 
th e  surface en erg y  b e tw e e n  norm al and superconducting region s in  an 
extern al m agnetic  f ie ld  is p o sitiv e  and th e  transition to  th e norm al state is 
sharp -  ty p e  I behaviour. If £ / x l < 1, the en ergy  is n egative  and the  
transition  is gradual -  ty p e  II b eh aviou r [14].

T h e  current that p asses th rou gh  a superconductor is associated  w ith  a 
m agn etic  fie ld . If th e  p ro d u ced  f ie ld  ex ceed s th e  critical m agnetic f ie ld , 
th e  m aterial returns to  th e  norm al state. T h e  current d en sity  at w h ich  this 
occurs is  ca lled  th e  critical current d en sity  (Jc). O n ly  so m e o f  th e  ty p e  II 
superconductors fo r  w h ich  Jc is su ffic ien tly  large, are u se fu l fo r  
com m ercia l applications.

O ther p h en om en a characteristic o f  su p erconductiv ity  are: a
d iscontinu ity  o f  th e sp e c ific  heat at T c , re flec tin g  th e secon d  order  
transition  fro m  a re la tiv e ly  d isord ered  (n orm al) state to  a m ore h ig h ly  
ord ered  (su p ercon d u ctin g) state  o f  lo w er  entrop y [15], and th e  " isotope  
e ffect" , th e  d ep en d en ce  o f  T c o n  atom ic m ass. In  con ven tio n a l 
superconductors th e  relation  is T c (M ^ n ) =  constant, w h ere  M = a to m ic  
m ass, n -0 .5 .

2.1.2. T h eo r ies o f  S u p ercond u ctiv ity

A ll  th e  th eor ies d ev e lo p ed , attem pted  to  exp la in  th e  ab ov e  
p h en om en a  (R = 0 , M eissner e f fe c t , sp ecific  heat d iscontinuity, iso to p e  
e ffe c t ) .  T h e  first th eories d e v e lo p e d  b y  L on d on , L a n d a u -G in zb u rg  and  
Pippard w e re  p h en o m en o lo g ica l and their equations gav e  a sa tisfactory  
m acroscop ic  d escrip tion  o f  supercon d u ctiv ity  and in trod uced  im portant 
param eters su ch  as th e London penetration depth  ( x l ) and th e coherence 
length (£ ) .

T h is w ork  p rov id ed  th e  b ase  u p on  w h ich  B ard een , C o o p er  and  
S ch rieffer  [16] fo rm ed  a th eo ry  in  1957, k n ow n  as th e  B C S th eo ry , that 
in corporated  th e  p rev iou s w o rk , but furtherm ore, co u ld  exp la in  th e  
m echanism  o f  supercon d u ctiv ity .

T h e  B C S "m icroscopic" th eo ry  is b ased  o n  the fact that th e  
con d uction  e lectro n s in  a su p ercon d u ctor, pair up w ith  o n e  another d u e  to  
an attractive in teraction . T h e  z e r o  resistiv ity  can b e  ex p la in ed  b y  assum ing  
that a pair can  o n ly  b e  scattered  i f  th e en ergy  in v o lv ed  is su ffic ien t to  
break it up in to  tw o  s in g le  e lectron s. In  gen era l, this en ergy  is  not
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ava ilab le  and so  the e lec tro n  p asses on  w ithout any scattering.
A s  an e lectro n  is passing c lo se  to  an io n , th ere w ill b e  a m om entary  

in teraction  w h ich  m ight s ligh tly  m o d ify  the vibration o f th e  ion . T h is in  
turn cou ld  interact w ith  a seco n d  e lectro n  nearby w h ich  w ill a lso  b e  
attracted  to  th e  ion . T h e  n et e ffe c t  o f  th ese  tw o  interactions is that there  
is an apparent attractive fo r ce  b e tw e e n  th e tw o  e lectro n s, w h ich  appears 
due to  th e  ex isten ce  o f  th e  io n  [14]. A t lo w  en o u gh  tem p eratu res, this 
in teraction  dom inates o v er  th e  C ou lom b  rep u lsive  fo r ce  and th e  e lectro n s  
form  pairs o f  o p p o site  sp ins and m om entum  ("C ooper pairs"). T h e  
d istance b e tw e en  an e lec tro n  pair, or  th e m inim um  len gth  o v er  w h ich  th e  
w a v e -fu n c t io n  can sign ifican tly  ch an ge is th e  coh eren ce  len gth  ($ ) .

A ccord in g  to  th e  B C S th eory  th e  en erg y  o f  th e  e lec tro n  pairs is 
lo w er  than that o f  s in g le  e lectro n s in  th e norm al m etal. T h is en erg y  gap  
can ju stify  th e  sp ec ific  h eat anom aly  o f  con ventiona l su p erconductors. T h e  
su p ercon d u ctive  p h en om en a  are ex p la in ed  b y  this th eory  and th e  p red icted  
va lu es o f  iso to p e  e f fe c t , en erg y  gap  and oth er characteristic param eters  
relatin g  to  su p ercon d u ctiv ity  agree  w e ll  w ith  exp erim en ta l o n es, as far as 
th e  con ven tio n a l su p ercon d u ctive  m aterials (m etals and a llo y s )  are  
con cern ed .

M odification s o f  th e  BC S th eo ry  h ave b e e n  p ro p osed  as w e l l  as 
c o m p le te ly  d ifferen t th eor ies [17] in v o lv in g  th e  con cep t o f  b ipolarons.

N o  th eory  h o w ev er , can ex p la in  su p erconductiv ity  in  th e n e w  h igh  
tem p eratu re su p ercon d u ctive  ceram ics. It has b e e n  p ro ved  exp er im en ta lly  
that e lectro n s form  pairs [18], but th e  order o f  m agnitude o f  th e  iso to p e  
e ffe c t  is  sm all com p ared  to  that p red icted  fro m  BC S th eory  [19]. A s  a 
resu lt, a ll th eories lik e  B C S, b ased  o n  a re la tiv e ly  strong e le c tr o n -la t t ic e  
in teraction , h ave to  b e  ex c lu d ed  or p ro p er ly  m od ified .

R eferrin g  to  Y B C O  in  particular, th e  structural change fro m  
orthorhom bic (su p ercon d u ctin g) to  tetragonal (sem icon d u ctin g) b eh aviou r  
and th e  ex isten ce  o f  C u - O  chains in  th e  orthorhom bic phase w h ich  do  
not ex ist in  th e  tetragonal o n e , in itia lly  gave rise to  th eories attributing  
su p ercon d u ctiv ity  to  th ese  chains.

L ater on , C u substitu tion  exp erim en ts [20] w ith  F e  and C o p ro d u ced  
su p ercon d u ctive  tetragon al Y B C O , su ggesting  that CuC>2 p lan es (se e  
chapter 2 .3  fo r  structure) are resp o n sib le  fo r  su perconductiv ity . T h e  
su b seq u en t d iscovery  o f  B i and T h alliu m  com pounds con firm ed  that th e  
Q 1O 2  p lanes com m on  to  th e  th ree  structures (fig u re  2 .4 ) are th e  m ost  
p o ss ib le  p la ce  fo r  sup ercon d u ctiv ity  to  occur.

S ev era l th eo r ies, b ased  o n  th e  tw o -d im e n s io n a l character o f  th e  
p lan es h ave b e e n  su g g ested  [21,22]. T h e y  incorporate or are b ased  o n
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(b) (c)
F igu re 2.4: T h e  layered  structure o f  th e  su p ercon d u ctive  com p ou n ds (a )  
Y B a2Cu3 C>7 _ 5 , (b )  B i2Sr2CaCu2 0 g and (c )  T l2Ba2CaCu2 0 g
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e lectro n ic  and m agnetic  m echanism s (sin ce  strong e le c tr o n -p h o n o n  
in teractions are u n lik e ly ) , n o n e  o f  th em  h o w ev er  g ives a sa tisfactory  
quantitative explanation.

2.1.3. C eram ic S u p erconductors

C eram ics can b e  insulators su ch  as s ilicon  d iox id e  (SiC>2) and  
alum inium  ox id e  (A I2O 3 ) ,  sem icon d u ctors such  as cop p er and z in c  o x id es  
[23], or o x id es w h ich  h ave an e lectr ica l con d uctiv ity  com parable to  m eta ls. 
ReC>3 [23] has a con d u ctiv ity  c lo se  to  that o f  pure m etallic  co p p er  at 
ro o m  tem perature.

T h er e fo r e  th e  ex isten ce  o f  m eta llic  -  su p ercon d u ctive ceram ics sh ou ld  
n ot b e  surprising. In tab le  2.1 a list o f  k n o w n  o x id e  superconductors is 
g iv en  a lon g  w ith  th e transition  tem perature and th e p ossib le  substitutions  
w ith  increasing critical tem peratures.

T A B L E  2.1: C eram ic supercon d u ctors

F orm u la A T c (K ) R e f.

S r T i0 3_ x .7 24
T iO , N b O 1 25
A g 7O eX 1 26
B ron zes: A x M o 0 3 N a 4 27

a xw o 3 or 6 28
A xR eO  3 K 4 28

BiCPb, - x ® ax ) 0 3 12 7
L li + X ^ 1 2 - X ^ 4 13 29
B i K 0 . 4 B a 0 . G ° 3 28 30
A 2- x ^ e x ^ u 0 4 P r,N d ,S m 24 31
N d 2 _ x _ y C ey S rx C uO  A 22 32
L a 2_ x A x C u 0 4 B a,S r,N a ,C a 30,35,18,18 5 ,8 ,3 3 ,3 4
P b 2S r 2L n 1 _ x A x C u 30 8+5 Sr,C a 68 35
A B a 2C u 3Q 7_ 5 ("123") Y ,H o ,D y ,E r ,

G d ,S m ,E u ,N d
94 36

B hnSr 2Can - 1 ^ un ^ 2n + m +  2 m —1,2
n = l - 3

12,22,85,110 33,11

T lm B a 2^ an - 1 Cun O  2n + m +  2 m = l - 3
n = l - 3

80,100,125 38,12
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A  p ecu liarity  o f  th e  latest supercon d u ctive com pounds
B i - S r - C a - C u - O  / T l - B a - C a - C u - O  is th e  variety  o f  structures that 
h ave b e e n  ob served . In ord er to  id en tify  easily  th e individual com pounds  
th ey  are d en o ted  as 1201, 1212, 1223, 2212, 2223 etc.

S o m e o f th ese  o x id e  superconductors have com m on  characteristics 
such  as structural sim ilarities and th e  departure fro m  stoich iom etry . O xid es  
su ch  as SrT i0 3 _ x , Ua2 _ x S r x C u0 4 _  5, Y B a2Cu3 0 y _ 5 h ave prop erties  
d ep en d in g  sign ifican tly  o n  changes in  sto ich iom etry . M oreo ver , th e  h igh  
tem perature su p erconductors (H T S ) h ave p erov sk ite  rela ted  structures 
w h ich  cou ld  b e  v isu a lised  as la yered  structures, w ith  th e cop p er  -  o x y g en  
sub lattice  p lay in g  th e  m ost im portant part.

In  m ost o f  th e  H T S  th e  conducting sp ecies are h o les  (or  h o le -p a ir s  
at th e  su p ercon d u ctive  s ta te ), w ith  th e ex cep tio n  o f  A 2 _ x C ex C u0 4  

(A = P r , N d , S m ) w h ich  con d uct throu gh  electron s.

2.1.4. Y B C O : Su p ercond u ctin g  P rop erties

T h e  Y B a2Cu3 0 7 _ 5 supercon d u ctor has a transition tem perature w h ich  
d ep en d s o n  th e q u ality  o f  th e  m aterial and th e o x y g en  con ten t, that can  
b e  op tim ized  b y  carefu l con tro l o f  th e  fabrication  p roced u re. R ep o rted  
va lu es g iv e  an o n set o f  9 0 - 9 4  K  and z er o  resistiv ity  o f  8 6 - 9 2  K  for  
o x y g e n  con ten t near 7 ( s - 0 ) .

M agn etization  curves u su ally  sh o w  a transition tem perature slig h tly  
lo w er  than resistiv ity  m easu rem en ts and w id er  transitions. A s  the  
tem perature b ec o m e s lo w e r , m o re  m aterial superconducts and th e  
diam agnetism  is stronger. W h en  m agn etiza tion  stab ilizes, th e  ’’saturation” 
p oin t is  said to  b e  reach ed .

T h e  iso to p e  e f fe c t  has b e e n  in vestigated  for  Y B C O  either b y  o x y g e n  
or cop p er  substitu tion  b y  their iso to p es. Substitution  o f  w ith  1 ^ 0  gave  
a sh ift o f  0 .3  to  0 .6  K  [39,40] w h ich  is very  sm all com pared  to  the  
e x p ec ted  va lu e o f  5 K  fro m  th e B C S th eory . U se  o f  63q i  and 65q i  did  
n ot g iv e  any change in  th e  transition  tem perature w ith in  th e exp erim en ta l 
error o f  ±0.2 K  [41]. B oth  resu lts ind icate that th e  e le c tr o n -la tt ic e  
in teraction  is n ot as strong as th e  B C S th eory  predicts.

Y B C O  is a ty p e  II su perconductor fo r  w h ich  is v ery  lo w  but H c2 

is h igh . V alues g iv en  fo r  th e  u p p er critical f ie ld  H C2  do  n ot a g ree  w e ll. 
F or p olycrysta llin e  m ateria l it is 3 4 - 8 0  T  at 77 K  [42,43]. S in g le  crystal 
stud ies h ave p ro v ed  that th ere  is  an anisotropy o f  th e  critical f ie ld
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perpendicu lar and parallel to  th e  a b -p la n e , w h ich  is o f  th e  order o f  5 
tim es at 77 K  and greater at lo w er  tem peratures. T h e  h ighest va lu es for  
th e  u pper critical f ie ld  at 0 K  h ave b e e n  estim ated  at 2 4 0 -3 3 0  T , w h en  
th e  f ie ld  is p arallel (H c2n) to  th e  C u - O  p lanes (s e e  fig u re  2 .4 ) and 
3 0 - 7 0  T  w h en  it is p erp end icu lar (H c2j_) [4 2 -4 7 ] . F or th e  lo w er  critical 
f ie ld , H ci n is 5 - 2 4  m T  and H ci^  is 1 0 0 -5 0 0  m T  [46,48].

T h e  an isotropy is not o n ly  lim ited  to  critical f ie ld s  but also a ffec ts  
m ost o f  th e p rop erties o f  Y B C O . F or penetration  dep th , x l j = 4 5 0 0 -7 0 0 0  
A  and x l „ = 1 3 0 0 -1 4 0 0  A  [48]. T h e  large d iscrepancies for  m any  
param eters (H c , x l , 0  are m ain ly  d u e to  th e  d ifferen ce  in  sam ple quality  
and to  a  sm aller e x ten t due to  d ifferen t exp erim en ta l
tech n iq u es/arrangem en ts.

T h e  va lu e  o f  co h eren ce  len g th  is g iv en  as $ j = 6 - 7  A  (p erp en d icu lar)
and £ (|= 2 2 - 3 4  A  (p ara lle l to  th e  C u - O  p lan es) [45,46]. A ccord in g  to  a

• •r e v ie w  b y  M a lo zem o ff [48] th ese  va lu es are 1 .5 -7  A  and 1 5 -3 0  A  
resp ectiv e ly . In  gen era l, it can  b e  ob served  that th e  coh eren ce  len g th  is 
sm aller than that o f  con ven tio n a l superconductors.

T h e  critical current and its rela tion  to  th e  ap p lied  m agnetic  f ie ld , 
d ep en d s o n  th e  sam p le q uality  and w h eth er  it is in  th in  f ilm  or bulk  
form . Jc  and th e  p rob lem s associated  w ith  it, w ill b e  p resen ted  in  th e  
n ex t chapter.

2.1.5. C ritical Current

In order fo r  a  ty p e  II su p ercon d u ctor to  h ave a h igh  critical current, 
it is not en o u gh  to  h ave a large u p p er critical fie ld .

If th e  ap p lied  f ie ld  is greater than H ci ,  a part o f  th e  m aterial 
b eco m es norm al and a n etw ork  o f  vortices is fo rm ed  w h ere  th e m agn etic  
f lu x  p en etrates th e  su perconductor. If th e f ie ld  is un iform , th e v o rtices  
are u n iform ly  d istributed , but if  th ere  is a f ie ld  gradient, th ey  ten d  to  
m o v e  across th e m aterial fro m  a reg io n  o f  h igh  f ie ld  to  o n e  o f  lo w  f ie ld . 
R each in g th e  lo w  f ie ld  reg io n , v o r te x  currents d ecay  and vortices are 
annih ilated , w h ile  o n  th e  h igh  f ie ld  reg ion  n e w  vortices are b ein g  fo rm ed . 
T h is p ro cess , ca lled  f lu x  creep  resu lts in  p o w er  dissipation  in  th e fo rm  o f  
heat and ev en tu a lly  red u ction  o f  Jc and is m ost p ro n ou n ced  in  
d e f e c t - f r e e  con ven tion a l superconductors [49]. D ep en d in g  o n  th e  w a y  and 
th e cond itions that th e f lu x  lin es m o v e , this p rocess is d escrib ed  as f lu x  
f lo w  or f lu x  jum ping.

In th e  p resen ce  o f  la ttice  irregularities, th e  vortices are "pinned” so
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that th ey  do n ot m o v e  under th e in flu en ce  o f  L oren tz  fo rces. F lu x  
p in n in g, either b y  p recip ita tin g  sm all norm al or m agnetic  p articles in  the  
m eta llic  m atrix, or b y  d islocations prod uced  b y  co ld  w ork in g  o f  the  
a llo y s, resu lted  in  an in crease  o f  th e  critical current d en sity  o f  
con ven tio n a l superconductors [50].

A n oth er  p ro b lem  en cou n tered  fo r  th e  lo w - T c m aterials was 
f lu x - ju m p  stability . It w as fou n d  that f lu x  jum ping w as su ppressed  w h en  
th e  d iam eter o f  a su p ercon d u ctin g  w ire  w as d ecreased  [51]. B y  
op tim ization  o f  th e  d iam eter o f  th e w ires, th e  m ultifilam entary  
su p erconductors w e r e  d ev e lo p ed .

In th e  h igh  tem p eratu re su p erconductors, p rob lem s fo r  h igh  critical 
current are o f  d ifferen t nature.

M agn etization  m easu rem en ts o f  Jc in  bulk  or p o w d ered  Y B C O  [52], 
B SC C O  and T B C C O  m ateria l [53] g iv e  values o f  th e order o f  lO^-lO^  
A leve?, w h ile  transport m easu rem en ts g iv e  m uch  sm aller values. U su a lly  
rep orted  va lu es fo r  bu lk  p o ly crysta llin e  m aterial at 77 K , 0  T , are less 
than 500 A leve?  and th ey  drop b y  tw o  orders o f  m agnitude at f ie ld s  
b e tw e e n  0.1 and 1 m T . T h er e fo r e , e v e n  th ou gh  th e m aterials can  have  
h igh  Jc (3s in d icated  b y  m agn etiza tion  m easu rem en ts), th e  transport 
current is  lim ited  b y  th e  in h o m o g en eities  segreg ated  at th e  grain  
b oundaries, w h ich  act as w e a k  link reg io n s in  th e  bu lk  m aterial.

T h in  film s, h o w e v e r , h ave  a d ifferen t behaviour. T h e  critical current 
in  or ien ted  th in  film s has reach ed  v a lu es o f  106 A leve?  at z e r o  f ie ld  and  
77 K. B y  increasing th e  f ie ld  to  4 T  (77 K ) its va lu e  drops to  10  2 - 105 
A leve?  d ep en d in g  o n  th e  d irection  o f  th e  m agnetic  f ie ld  [54], ind icating  
th e  con sid erab le  e ffe c t  o f  an isotropy o f  th ese  m aterials.

T h erefo re , th e  m ain  p rob lem s fo r  Jc in  H T S  (H ig h  T c  
Supercond u ctors) are w ea k  link reg ion s - t h e  grain b o u n d a r ie s -  and th e  
in h eren t an isotropy o f  th ese  m aterials.

It is w e ll k n o w n  that im purities ten d  to  segregate  at grain boundaries. 
F urth erm ore, th e  form ation  o f  a carbon  containing phase at Y B C O  grain  
boundaries has b e e n  dem onstrated  b y  Z hang et al. [55].

D irect m easurem ents o f  th e critical current density  w ith in  grains and  
across grain boundaries in  Y B C O  film s sh o w ed  a d ifferen ce  o f  tw o  orders 
o f  m agnitude (Jc grain b o u n d .=  3.1x103 A leve?, Jc  grain s=  5x10^ A leve?)  
[56]. M ore d eta iled  exp erim en ts [57] in  grains w ith  co n tro lled  orientation  
o n  film s grow n  o n  S rT i0 3  b icrystals, sh o w ed  that th e  critical current 
alon g  grain boundaries can reach  106 A leve?  if  th ey  h ave  th e  sam e  
orien tation  along th e  a ,b  and c -a x is .  If th ey  are a lign ed  alon g th e  c -a x is  
but th e  angle  b e tw e e n  th e  a -a x is  o f  th e grains is m ore  than 2 0 ° , Jc
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drops to  1()4 A leve?.
T h is behaviou r is p ro b ab ly  con n ected  w ith  th e co h eren ce  len gth  ($ )

o f  Y B C O  m aterial. C om m ercia l a lloy  superconductors h ave co h eren ce
• •len gth s o f  3 0 - 5 0  A  and la ttice  param eters o f  4 - 5  A  [58,59], so  that

atom ic sca le  d e fec ts  h ave n e g lig ib le  e ffe c t  on  th e  transport Jc . In th e  case
o f  Y B C O , h o w e v e r , th e  c o h er e n c e  len gth  ^  is v ery  sm all (1 .5 -7  A )  and
if  it is com p ared  w ith  th e  la ttice  spacing in  th e  c -d ir e c t io n  (11.7 A ) ,  it is
ev id en t that any atom ic sca le  d e fec ts  such  as in  grain b oundaries, w ill
serv e  as w e a k - l in k  barriers, red u cin g  Jc .

In  th e  a - b  ( Q 1O 2)  p la n e , h o w e v e r , th e  co h eren ce  len g th  is $ (|= 1 5 -3 0  • •A , larger than th e  a ,b  la ttice  param eters ( 3 .8 - 3 .9  A )  and th erefo re  this
d irection  sh ou ld  b e  favou rab le  fo r  h ig h  Jc ’s. T h is is  dem onstrated  in  th e
Jc va lu es ob ta in ed  fo r  o r ien ted  thin film s, w ith  con d u ction  taking p la c e  in
th e  a - b  p lane.

In order to  im p rove  Jc in  b u lk  H T S , sp ecia l fabrication  tech n iq u es, 
such  as fir in g  in  a tem p eratu re gradient, are b e in g  u sed  to  in d u ce  
orientation . V a lu es o f  up to  10^ A /eve?  have b e e n  ob ta in ed  fo r  or ien ted  
p olycrysta llin e  Y B C O  m aterial. T h is valu e drops to  1C)3 A levs?  w h e n  a 
f ie ld  o f  1 T  is ap p lied  [60].

C ritical currents fo r  th in  film s are very  encou raging  fo r  com m ercia l 
applications. C onsiderab le  im p ro v em en t, h o w ev er , w ill b e  n ecessary  fo r  
b u lk  m aterials, through carefu l co n tro l o f  fabrication  and m icrostructure.

2.1.6. A p p lication s and P rosp ects

C om m ercia l applications o f  su perconductiv ity  today are im p lem en ted  
w ith  th e  con ven tion a l lo w  T c  superconductors and th ey  in c lu d e  h igh  
m agnetic  f ie ld  gen eration  fo r  m ed ica l im aging system s (70%  o f  th e  
m ark et), h ig h  en ergy  p h ysics and m agnetic  separation , as w e ll  as 
laboratory instrum ents and sen sors [2,61].

T h ere  are severa l app lications that h ave b e e n  dem onstrated  but th ey  
h ave n ot b e e n  com m erc ia lized  su ch  as e lectric  current transm ission lin es ,  
lo ssless in tercon n ects and v e ry  fast sw itches in  in tegrated  circu its, h igh  
freq u en cy  applications, in frared  sen sors and transport system s (lev ita tin g  
trains) [22].

T h e  n e w  h igh  tem p eratu re superconductors are candidates n o t o n ly  
fo r  th ese , but a lso  a range o f  o th er  applications as w e ll. C onsidering th e  
p ro b lem s o f  critical current in  b u lk  H T S  m ateria ls, applications can  b e  
distinguished  b e tw e e n  h ea vy  current and e lectro n ic  o n es [62].
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H eav y  current applications in c lu d e  h igh  f ie ld  m agn ets, h om op olar  
m otors and gen erators, p o w er  transm ission lin es, and en ergy  storage  
d ev ices . U n less con sid erab le  im p rovem en ts are m ade, th e  H T S  w ill n o t b e  
ab le  to  op erate  at th e  h igh  currents and fie ld s  that are requ ired  fo r  th ese  
applications.

Judging b y  th e progress in  th in  f ilm  tech n o lo g y  h o w ev er , it seem s  
that e lectro n ic  applications w ill  b e  m ade p ossib le . S Q U ID ’s 
(S u p ercon d u ctive  Q uantum  In terferen ce  D e v ic e s )  are b e in g  u sed  fo r  very  
sen sitiv e  d etectio n  o f  m agn etic  f ie ld s . S Q U ID  b ehaviour has already b e e n  
d em onstrated  w ith  H T S  and p erform an ce le v e ls  are approaching  
com m ercia lly  u se fu l valu es. A  S Q U ID -ca rd io g ra p h er  has b e e n  fab ricated  
[63] and m any laboratories around th e  w o rld  are exp erim en tin g  w ith  H T S  
S Q U ID ’s. A  sign ificant am ount o f  w ork  is a lso under w ay  fo r  h igh  
freq u en cy  (m icro w a v e) d ev ices  such  as R F  cavities and antennas.

N o v e l d ev ices are a lso  an  in teresting p ro sp ect, such  as a 
superconducting len s, w h ere  a  ring o f  H T S  w as u sed  su ccessfu lly  to  focu s  
an e lectro n  b eam  [64].

Further d ev elo p m en ts in  H T S  tech n o lo g y  w ill  m ak e m any o f th ese  
applications availab le com m ercia lly , creating essen tia lly  a large m arket for  
ceram ic superconductors.
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2.2. Phase Diagrams

2.2.1. T h e  Y - B a - C u - O  S ystem  in  A ir .

T h e  study o f  th e  phase diagram  fo r  Y 2Q 3 - B a O -C u O  is  e ssen tia l if  a 
p rop er understanding o f  th e  relevan t phase relations is to  b e  ach ieved .

T h e  p se u d o -te rn a r y  diagram  o f  Y O i^ - B a O - C u O  at 950 C  is sh ow n  
in  fig u re  2.5. T h e  c o lle c te d  data [6 5 -6 7 ]  gen era lly  agree, e v e n  th ou gh  
so m e  o f  th e  details are d ifferen t.

A part fro m  th e b order phases such  as BaCuC>2 and Y 2Q 12O 5 , there  
are th ree  m ore  phases: th e  superconducting Y B a2C u3 0 7 _ 5 ("123") and the  
n o n -su p erco n d u ctin g  Y 2BaCuC>5 ("211") and Y B a3Cu2 0 x  ("132").

T h e  Y B a2Cu3<>7 _ 5 (Y B C O ) com p ou n d  appears in  tw o  form s: the  
orthorhom bic superconducting phase w ith  o x y g en  sto ich iom etry  near sev en  
and th e  tetragonal n o n -su p erco n d u ctin g  p h ase w ith  o x y g e n  n ear six. 
A ccu rate  d iffraction  patterns (p ositio n , in d ex in g  and in tensity  o f  p ea k s)  
can b e  fo u n d  in  re feren ces 67 and 68 fo r  b o th  phases. X - r a y  data for  
Y 2B aC u0 5  (211) and Y B a3Cu2 0 x  (132) phases w h ich  are th e  usual 
im purities o f  Y B C O  can b e  fo u n d  in  r e feren ce  67.

In th e  ternary diagram  o f  fig u re  2 .5 , partial m eltin g  occurs [69] in  the  
C u rich  reg io n  as ind icated . If th e  orig in al com p osition  corresponds to  that 
o f  Y B C O  and th e  tem perature e x ceed s  980 C , th e  m eltin g  r e g io n  is 
ex ten d ed  and in clu d es Y B C O  w h ich  th en  m elts in con gru en tly . T h e  
products are 211 and a C u and B a rich  liquid:

Y B a 2 C u 3 0 7 _ 6 ------------» Y 2 B a C u 0 5  + L

T h e  liq u id  consists o f  B a C u 0 2  and C uO x . T h e  ternary diagram  has 
b e e n  exam in ed  in  detail in  order to  fin d  p ossib le  so lid  so lu tion s b y  
W agner e t al. [70] and to  d eterm in e th e  e ffe c t  o f  slight variations in  
sto ich iom etry  o n  T c b y  K ogashi et al. [71]. In figu re  2 .6 , th e  e f fe c t  o f  
sto ich io m etry  o n  T c is sh ow n . C ircles are u sed  w h en  th e  m aterial 
ex h ib ited  supercon d u ctiv ity  w ith  T co n set= 9 0 - 9 3 .5  K , triangles w h e n  77 
K zT c onsetz9 0  K  and squares w h en  th e  m aterial sh o w ed  sem icon d u ctin g  
beh aviou r. It is ev id en t that su p erconducting m aterial is still fo rm ed  ev en  
if  a h igher am ount o f  C u is used .

T h is e f fe c t  a lon g w ith  th e  fact o f  in con gru en t m eltin g  m en tio n ed
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CuO

F igure 2.5: T h e  p se u d o -te r n a r y  Y O ^ - B a O - C u O  phase diagram  at 950 C  
in  air. In th e  reg io n  e n c lo se d  b y  th e  b rok en  lin e , a liquid  is fo r m e d  
[6 5 -6 7 ] .

CtiO

F igure 2.6: P se u d o -te r n a ry  diagram  indicating th e  com p osition s fo r  w h ich  • 
su p ercon d u ctiv ity  is ob served . C ircles sh o w  m aterial w ith  T c> = 9 0  K, 
trian gles T c > = 7 7  K  and squares T c< 7 7  K [71].
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ab ov e, has fo u n d  ap p lication  fo r  grow in g  s in g le  crystals from  th e m elt  
[72]. T h e  starting com p osition  has m ore  C u and B a than th e  ratio 1:2:3, so  
that w h en  th e  B a - C u  rich liq uid  form s, th e rem aining m aterial g ives  
crystals o f  Y B C O .

2.2 .2 . T h e  Y - B a - C u - O  S ystem  in  O x y g en .

T h e  o x y g e n  partial p ressu re  has an e ffe c t  o n  th e  tem p eratu re o f  
phase form ation  and d eco m p o sitio n . S intering in  o x y g e n  a tm osp h ere  
(P q 2= 1) has b e e n  fou n d  to  s ta b ilize  Y B C O  against d ecom p osition  near  
th e  m eltin g  p o in t [73]. H ig h  p ressu re studies o f  phase diagram s b y  
K arpinski e t al. [74] h ave sh ow n  that th e m eltin g  poin t o f  Y B C O , u su a lly  
around 980 C , can b e  in creased  to  1100 C at pressures (P 0 2 )  around 100 
atm . F urth erm ore, it has b e e n  fo u n d  that th e  Y B C O  ("123") phase  
d eco m p o ses to  tw o  n e w  p h ases, th e  1 - 2 - 4  (Y B a2Cu4 0 g) and 1 - 2 - 3 .5  
(Y B a2C u3 5 0 g _ 5) w h ich  are stab le  at P q 2>110 atm . In fig u re  2 .7 a lo g  P 
vs. 1 /T  p h ase  diagram  sh ow s th e se  phase relations, as w e ll as o x y g e n  
sto ich iom etry  (x ) .

A  preparation  m eth od  fo r  th e  1 - 2 - 4  phase w as d ev ised  b y  C ava et 
al. [75], w h ere  o n ly  o n e  a tm osp h ere o f  o x y g en  pressure is n eed ed . T h is  
phase has a lo w er  T c o f  80 K  approxim ately  bu t a lso  th e  advantage that 
th e  supercon d u ctin g  p rop erties d o  not d ep en d  o n  o x y g e n  con ten t. 
A ccord in g  to  M iyatake [76], th e  T c can reach  90 K  b y  partial su b stitu tion  
o f  Y  b y  C a (Y q 9CaQ j B a 2Cu4 0 g).

U sin g  o x y g e n  a tm osp h ere fo r  sin tering o f  Y B C O , h igh er tem p eratu res  
can b e  u sed , s in ce  th e  m e ltin g / d ecom p osition  p oin t is in creased  b y  30  
d eg rees, com p ared  to  sin tering in  air. It has b e e n  su gg ested  [77] that 
b etter  supercon d u ctin g  p ro p erties are obta in ed  b y  annealing in  o x y g e n  at 
tem peratures as h ig h  as 1030 C . P h ase purity , norm al state resistiv ity  and  
critical current d en sity  are im p roved . T h is has b e e n  attributed to  faster  
atom ic m o tio n  w h ich  h elp s in  prod ucin g  b etter  quality  crysta lline grains.

T h e  atm osp h ere during th e  form ation  o f  Y B C O  is v e ry  im portant and  
it has b e e n  sh ow n  that e v e n  sm all quantities o f  C O 2  result in  the  
form ation  o f  seco n d  ph ases, w h ich  are q u ite stab le  o n ce  th ey  h ave fo rm ed  
[55,78].
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T( C)

F igu re 2.7: L o g  P q 2 v s . 1 /T  diagram  sh ow in g  th e  equilibrium  b e tw e e n  
1 - 2 - 3  (Y B a2Cu3 (>7_ 5) -  S (so lid ) , L  (liq u id ) and 1 - 2 - 4 ,  1 - 2 - 3 .5  
(Y B a2Cu4 0 g , Y B a2Cu3 5(> 7+ x ) -  S (so lid ), w ith  param eter x  th e  o x y g e n  
sto ich iom etry  [74].
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2.3. Structure of YBCO.

2.3.1. P erov sk ite  Structure

T h e  Y B C O  structure can  b e  d efin e d  as a d istorted , o x y g e n  d efic ien t, 
p ero v sk ite  structure [79]. T h e  sim p le  p erov sk ite  structure is fo u n d  in  
com pounds w ith  th e  form u la  A B O 3 , w h ere  A  is a re la tive ly  large cation  
in  th e  cen tre  o f  a cu b e  and B  is  a sm aller io n  at th e  corners, w h ile  
o x y g e n  ions are at th e  unit c e ll  ed g es [80]. A  characteristic exam p le  is th e  
o n e  o f  B aT i0 3  in  fig u re  2 .8 . T h e  sm all ions B  (T i in  figu re  2 .8 ) at th e  
ed g es are in  th e  cen tre  o f  corner shared octahedra fo rm ed  b y  o x y g e n  
ions.

In p erov sk ites th ere  are tw o  m ain  requirem ents: T h e  A - O  distance  
sh ou ld  b e  ap p roxim ately  Jll  tim es th e  B - O  distance (fro m  g eom etr ica l 
con sid eration s) and th e  e lectrostatic  balance m ust b e  k ep t. T h e  fo llo w in g  
A + B  charge com binations are p ossib le: 1+5 (KNbC>3 ) , 2 + 4  (BaTiC>3 ) anc* 
3 + 3  (LaAlC>3 ) so  that a sum  o f  6 ( fo r  3  o x y g en  io n s) is  alw ays k ep t. 
O x y g en  d efic ien cy  is  so m etim es p o ss ib le  as in  S r V 0 2 .5  w h en  th e sm all 
cation  B  is fo r ce d  to  h ave an in term ediate  oxidation  state.

T h e  su p ercon d u ctive  com p ou n d  Y B a2C u3 0 7 _ 5 is a d erivative o f  the  
cub ic  p ero v sk ite  structure, tr ip led  along o n e  axis w ith  c e l l  param eters 
a-b -aQ , c -a o /3 , w h ere  ao is a  typ ica l p erov sk ite  c e ll param eter.

D ep en d in g  o n  th e  o x y g e n  con ten t o f  th e  form ula, tw o  p h ases appear: 
th e  orthorhom bic su p ercon d u ctive  Y B a2C u3 0 7  and th e  sem icon d u ctin g  
p h ase Y B a2C u3C>6 . T h e  tw o  phases can b e  fabricated  reversib ly  b y  
con tro llin g  th e  therm al treatm ent (tem p eratu re, a tm osp h ere) and th ey  
display d ifferen t e lectr ica l and physica l p roperties.

2 .3 .2 . T h e  Y B a2Cu3C>7 O rthorhom bic Structure

T h e  Y B C O  structure can b e  d er iv ed  fro m  th e stacking o f  three  
sim p le  p erov sk ite  b lo ck s as sh ow n  in  fig u re  2 .9 . Y  and B a are th e  large  
A  ions and C u is th e  sm all B  io n  surrounded octahedrally  b y  o x y g e n  ions. 
A ccord in g  to  th is, th e  sto ich iom etry  sh ou ld  be:

A B O 3 ------ > A 3B 3 O 9 ------ > "(Y Ba2)C u 3 0 9 "
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F igure 2.8: T h e  B aT i0 3  p ero v sk ite  structure sh ow in g  th e octahedra o f  
o x y g e n  surrounding titanium  atom s.
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YBa2Cu 0̂'7

F igure,  2.9: T h e  orthorhom bic Y B a ^ O y . j  (123) structure, as d er iv ed  
fro m  th e  sim p le  p erovsk ite

43



S in ce  Ba has a v a len ce  o f  2 + , u n lik e Y  ( 3 + ) ,  th e o x y g en  
sto ich iom etry  sh ou ld  b e  red u ced  to 8 . Furtherm ore, it is very  d ifficu lt for  
cop p er  to  b e  at a 3 +  sta te , so  it m aintains a va len ce  b etw e en  2 +  and 3 + . 
T h e  result is that m o re  o x y g e n  vacancies are created  and th e  o x y g en  
sto ich iom etry  o f  th e  id ea l Y B C O  structure b eco m es 7 . In th e  real 
structure, th e  o x y g e n  sto ich io m etry  can vary b e tw e e n  6 and 7:

,,(YBa2)Cu309" — > YBa2Cu3C>7 — > YBa2Cu3<>7_5 — > YBa2Cu3C>6

T h e  b igg er  ion s B a and Y  occu p y  p osition s in  th e structure so  that a 
B a - Y - B a  seq u en ce  is  fo r m e d  along th e  c -a x is .  T h e  a and b - a x is  are o f  
th e  order 3 .8 A  w h ich  is th e  usual basic s iz e  fo r  a p erov sk ite  c e ll. T h e  
c - a x is  is tr ip led , b ein g  3 .8x3= 11.4A  approxim ately.

C onsidering th e id eal "YBa2Cu3 0 9 ", C u atom s w o u ld  a ll b e  in  
octahedral coordination . B eca u se  o f  th e  ex isten ce  o f  o x y g en  vacan cies, Cu  
atom s are surrounded o f  e ither 5  or 4  o x y g e n  atom s instead  o f  6 . 
A ccord in g  to  their p o sitio n  th ey  are characterised  as C u l or Cu2.

C u l atom s are at th e  e d g e  o f  th e  c e ll, in  sq u a re-p la n a r  ( f o u r - f o ld ) ,  
coord ination  form in g  linear chains o f  corner shared square p lan es or ien ted  
along th e  b - a x is  [81]. C u2 atom s are lo ca ted  near th e  cen tre o f  th e  c e ll, 
th ey  h ave  pyram idal ( f i v e - f o ld )  coord ination  and th ey  fo rm  tw o  
dim en sion a l layers o f  corn er shared square pyram ids. T h ese  layers are 
u sually  ca lled  ’’th e  C u - O  p la n es” in  contrast w ith  ”th e C u - O  chains” 
fo rm ed  b y  C ul.

T h ere  are f iv e  d ifferen t p osition s fo r  th e o x y g en  atom s. O l  lies  
b e tw e e n  C u l and C u2 at th e  sam e p lan e as B a atom s and it is th e  a p ex  
o f  th e  square pyram idal C u2, w h ile  0 2  and 0 3  atom s fo rm  th e  b ase  o f  
th e  pyram id.

T h e  C u - O  "chains" are m ade fro m  C u l a long w ith  th e  0 4  atom s. 
T h e  0 5  site  is th e  p o sitio n  b e tw e e n  th e chains and it is  a lm ost to ta lly  
vacant (it  has a v ery  sm all occu p an cy  factor) [82]. T h e  occu p an cy  o f  th e  
0 4  site , o n  th e  oth er hand, is a lm ost 1 in  th e  orthorhom bic structure, 
resu ltin g  in  an o v era ll sto ich io m etry  o f  7. In  th e  tetragonal p h ase , th e  0 4  
occu p an cy is 0 , so  th e  o v era ll o x y g e n  sto ich iom etry  is 6.

M any structural refin em en ts h a v e  b e e n  carried out b y  using either  
neu tron  or X - r a y  d iffraction  o f  s in g le  crystals or p o lycrysta llin e  p ow d ers  
[7 9 ,8 2 -8 7 ] . S light variations o f  th e  results are due to  d ifferen ces  in  
o x y g e n  sto ich iom etry  and fittin g  p roced u res. In o n e  case, re fin em en t o f  
C u occu p an cy in  sin g le  crystals ga v e  a cop p er d efic ien cy  o f  4 -8 %  [87].

T h e  orthorhom bic structure o f  Y B C O  has a Pm m m  sym m etry . T h e
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atom  p osition s are: C u l at (0  0  0 ) , C u2 at (0  0 z ) ,  B a at (1 /2  1/2 z ) ,  Y  
at (1 /2  1 /2  1 /2 ), O l at (0  0  z ) ,  0 2  at (1/2 0  z ) ,  0 3  at (0  1/2 z ) ,  0 4  at (0  
1/2 0 )  and 0 5  at (1 /2  0  0 ) . C e ll param eters a long w ith  th e  valu e o f  z , 
th e  tem perature factor B (A ^ ) and th e site  occup an cy (N )  are g iv e n  in  
tab le  2 .2  fro m  resu lts o f  fo u r  d ifferen t groups [79 ,82 ,88 ,89]. It can b e  
o b serv ed  that th e  resu lts a g ree  very  w e ll.

2 .3 .3 . T h e  Y B a2C u3Q 6 T etra g o n a l Structure.

T h e  tetragonal p h ase resu lts e ith er  from  th e rem oval o f  the 0 4  atom s 
fro m  th e C uO  chains (so  that b o th  O l and 0 4  sites are vacant) or w h en  
th e  o x y g e n  in  th e  basal p lan e  is d isordered  and e v e n ly  distributed in  the  
0 4  and 0 5  sites; som eth in g  that u sually  occurs at o x y g en  sto ich io m etry  
lo w er  than 6.5 .

In b oth  cases, th e  b - a x is  shrinks and at th e sam e tim e a - a x is  
expands so  that ev en tu a lly  th e  structure b eco m es tetragonal (a = b ) , as 
sh ow n  in  figu re  2.10. T h e  transition  from  the orthorhom bic to  tetragon al 
phase is gradual sin ce  o x y g e n  sto ich iom etry  can tak e any va lu e fro m  6 to  
7. A s  th e  sto ich iom etry  d ecrea ses , th e  orthorhom bic d istortion  o f  th e  c e ll  
( a - b )  d ecreases until it b eco m es z ero .

T h e  tetragon al p h ase is n o t su p ercon d u ctive and has a v ery  h igh  room  
tem perature resistiv ity . It b eh a v es lik e  a sem icon d u ctor, so  its resistiv ity  
in creases w ith  d ecreasing tem p eratu re. T h e  sp ace group is P 4 /m m m  and  
th e  c e l l  param eters are ap p rox im ately  a= 3 .858  and c=11.78 A  resp e c tiv e ly  
[84,90] and th ey  d ep en d  o n  th e  exact o x y g en  sto ich iom etry .

A t  th e  tem perature o f  approxim ately  950 C  req u ired  fo r  th e  
form ation  and sintering o f  Y B C O , th e  m aterial has th e  tetragon al 
structure. In  order to  in crease  th e  o x y g en  sto ich iom etry  and fo rm  th e  
orthorhom bic structure, s lo w  co o lin g  and a step  o f  o x y g en  ann ealin g  at 
lo w  tem perature (4 0 0 -5 0 0  C ) is n ecessary.

X - r a y  diffractogram s can  b e  easily  u sed  fo r  th e  d istinction  o f  th e  
orthorhom bic fro m  th e  tetragon al phase. F our sets o f  peak s at 27 - 2 8 ,  
3 2 - 3 3 ,  4 6 - 4 8  and 5 8 - 5 9  d eg rees 2© resp ectiv e ly , (C u  K a radiation) sh o w  
an in version  o f  in ten sities.

T h e  orthorhom bic to  tetragon al ( O - T )  transition  is  a v ery  im portant 
fea tu re  sin ce  it d efin es  w h eth er  th e  m aterial w ill  b e  su p ercon d u ctive  or  
not. T h e  various e ffe c ts  o f  o x y g e n  sto ich iom etry  and transport h ave  
r ece iv ed  m uch  attention  and w ill b e  p resen ted  in  a  separate chapter.
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YBa2Cu306

a

F igu re 2.10: T h e  tetragonal structure Y B a2Cu3C>6
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T a b le  2.2: R esu lts o f  R ie tv e ld  refin em en t fo r  Y B a 2 C u 3 0 7 .

Atom Parameter Cox et 
al.[82]

Capponi et 
al. [79]

Beno et 
al. [88]

Beech et 
al. [89]

Ba z 0.189(3) 0.1841(3) 0.1843(3) 0.1839(2)
B(A2) 0.4(1) 0.6(1) 0.54(5) 0.65(5)

Y B(A2) 0.2(1) 0.6(1) 0.46(4) 0.56(4)
Cu(l) B(A2) 0.2(1) 0.4(1) 0.50(5) 0.55(4)
Cu(2) z 0.3546(2) 0.3549(9) 0.3556(1) 0.3547(1)

B(A2) 0.3(1) 0.5(1) 0.29(4) 0.49(4)
0 (1) z 0.1589(3) 0.1581(4) 0.1584(2) 0.1581(2)

B(A2) 0.5(2) 0.9(1) 0.67(5) 0.78(5)
N 2.01(3) 2.0 2.0 2.0

0 (2) z 0.3783(3) 0.3779(4) 0.3773(2) 0.3779(2)
B(A2) 0.5(2) o.i(i) 0.56(5) 0.57(5)
N 2.01(3) 2.0 1.89(2) 2.0

0(3) z 0.3780(3) 0.3777(5) 0.3789(3) 0.3776(2)
B(A2) 0.4(2) 0.3(1) 0.37(5) 0.55(5)
N 2.02(3) 2.0 2.0 2.0

0(4) B(A2) 1.6(3) 2.4(3) 1.35(5) 1.73(9)
N 0.96(2) 1.0 0.92(2) 1.0

0(5) B(A2) 1.6 - - -
N 0.04(1) - - -
a 3.8172(1) 3.8206(1) 3.8231(1) 3.8198(1)
b 3.8822(2) 3.8851(1) 3.8863(1) 3.8849(1)
c 11.6707(4) 11.6757(4) 11.6809(2) 11.6762(3)
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2.3 .4 . C om parison  w ith  O ther Superconductors

M ost o f  th e  h igh  tem perature superconductors contain  co p p er  and 
th ey  h ave so m e com m on  structural characteristics. T h e  cop p er p o sitio n  in  
th e  la ttice  is th e  m ost im portant, s in ce  in  all th ese  structures th ere  are 
p lan es co m p o sed  o f  C u and O  ions. In fig u re  2.11 a very  g en era lized  
p ictu re o f  th e  structures o f  Lax Sr2 _ x Cu0 4 , Y B a2Cu3C>7 , B i/T l-2 2 0 1 , 2212 
and 2223, and P b2Sr2L n i_ x Cax Cu3 0 g +5 phases is  g iven . A ll  th ese  p h ases  
can b e  ap p roxim ately  d escr ib ed  as a seq u en ce  o f  C u - O  layers (u su a lly  Cu  
in  pyram idal c o -o r d in a tio n )  and layers contain ing B a - O  or S r - O  and 
p o ssib ly  B i - O  or T l - O .  T h e  C uO  layers, can b e  separated b y  a cation  
layer (n o  o x y g e n ) su ch  as Y , Pr or Ca.

T h e  com b in ation  that appears to  b e  p resen t in  all th ese  phases is  the  
C u - O  layers having B a - O  or S r - O  in  th e  near space. It has b een  
su g g ested  that e v e n  th ou gh  th e  C u - O  p lan es appear to  b e  m ain ly  
resp o n sib le  fo r  su p ercon d u ctiv ity , th e  accom panying layers (B a /S r -  B i/T l  
-  B a /S r , draw n as so lid  b lo ck s in  fig u re  2.11) appear to  p lay  an essen tia l 
r61e as "charge reservoirs" , con tro llin g  th e  e lectro n  h o le  con cen tration  on  
th e  p lan es and, h en ce , a lso  con tro llin g  T c [91].

E v en  th ou gh  it is not fea s ib le  to  "design" sim ilar structures o f  C u - O  
p lan es co u p led  w ith  "charge reservoirs" , this ob servation  can p ro b a b ly  b e  
o f  va lu e  as a  gen era l gu id e lin e  in  exp erim en ta l and also  th eo retica l 
in vestigation s fo r  supercon d u ctiv ity .

In th e  case o f  Y B C O  th e im portance o f  th e (B a -C u  c h a in s -B a )  
layers is  w e ll  k n o w n  sin ce  th e  o x y g e n  d efic ien t, tetragonal phase is  not 
su p erconducting. T h e  C u - O  chains are d estroyed  w h en  o x y g en  is r em o v ed  
fro m  th em  and so  th e  "charge reservoir"  cannot p rov id e  the req u ired  h o le  
con cen tration  fo r  th e  m aterial to  b e  superconducting.

A n o th er  v ery  im portant com m on  characteristic fo r  H T S  is th e average  
va len cy  fo r  C u (in  th e  C u -b a s e d  m ateria ls) and fo r  B i ( in  phases su ch  as 
B a i_ x Kx B i0 3 ) and th e  nature o f  th eir  b on d  w ith  O  (o x y g en ). T h e  cation  
va len cy  is an average b e tw e e n  2 +  and 3 +  fo r  C u and b e tw e en  3 +  and  5 +  
fo r  B i. S le igh t [92] has su g g ested  a m echanism  fo r  supercon d u ctiv ity  b ased  
o n  d isproportionation  reaction s such as:

2Cun -------- » C u l + C u n I

and 2B i I V -------- » B im  + B iv  ,
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La-Sr-Cu-0 YBCO
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F igure 2.11: C om m on  structural characteristics o f  su p ercon d u ctive
com pounds: C uO  layers are co u p led  w ith  B a/Sr -  [B i/T l] -  B a/Sr p la n e  
assem b lies. T riangles rep resen t C u  surrounded b y  O  in pyram idal 
coord ination , rectan gles Ba or Sr -  O  assem b lies, straight lin es C uO  
p lanes and lin es o f  dots rare earth  or Ca cation  layers. T h e  2 2 0 1 -2 2 3 4  are  
th e B i-c o n ta in in g  superconductors.
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in  relation  w ith  sp in  pairing reactions.
In this w ay , th e  b eh av iou r o f  Y B C O  and LaxSr2 _ xC u0 4 , w ith  

superconducting p rop erties drastically  changing w ith  o x y g e n  sto ich iom etry , 
can b e  exp la in ed , sin ce  th rou gh  o x y g en , th e  overa ll charge and th erefo re  
th e  a forem en tion ed  reaction s, are a ffected .

In m ost o f  th e  other H T S , h o w ev er , th e  am ount o f  o x y g en  that exists  
in  their structure d oes n o t change sign ificantly  and th erefo re  the  
d ep en d en ce  o f  supercon d u ctin g  p rop erties o n  o x y g en  sto ich iom etry  is 
m uch sm aller.
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2 .4 . H ig h  T em p eratu re  D e fe c t  C h em istry  and M ass T ransport

2.4.1. O x y g e n  sto ich iom etry  and su p erconductiv ity

O x y g e n  sto ich iom etry  d ep en d s o n  th e annealing tem perature and  
atm osphere o f  Y B C O . In fig u re  2.12, o x y g en  con ten t is p lo tted  against 
tem p eratu re, varying th e  partial pressure o f  o x y g e n  [93]. It can b e  se e n  
that a m axim um  sto ich io m etry  o f  6 .9  ap proxim ately  is  a ch ieved  w h en  th e  
tem perature is around 400 C  and th e  atm osphere is o x y g e n  ( P o 2= l  atm ). 
A t tem peratures lo w er  than 400 C  th ere is n o  change in  o x y g e n  
sto ich iom etry .

T h e  im p ortan ce o f  o x y g e n  con ten t in  th e  su p erconducting p ro p erties  
can b e  r ea liz ed  fro m  figu re  2.13 w h ere  T c is lo w er ed  sign ifican tly  as th e  
annealing tem p eratu re in  o x y g e n  is in creased  [35]. U sin g  an a tm osp h ere  
w ith  a lo w er  P q 2> a sim ilar e ffe c t  is ob served , in  fact, su p ercon d u ctiv ity  
can b e  su p p ressed  a ltogeth er  if  th e  m aterial b eco m es tetragonal.

T h e  form ation  o f  th e  ceram ic Y B C O  requ ires tem peratures around  
950 C  that resu lt in  a  lo w  in itia l o x y g e n  content and p oor  su p ercon d u ctive  
p rop erties. In  co n seq u en ce , s lo w  co o lin g  and annealing at around 400 C  in  
o x y g e n  is n ecessa ry  in  order to  m ax im ize  th e  o x y g e n  con ten t and h en c e  
o p tim ize  th e  su p ercon d u ctive p ro p erties o f  th e m aterial.

2 .4 .2 . D eterm in ation  o f  O x y g e n  S to ich iom etry

T G A
T h e  m ost usual m eth od  o f  d eterm ination  o f  th e  o x y g e n  sto ich iom etry  

is T h erm ogravim etric  A n alysis (T G A ). G allagher et al [94] u sed  form in g  
gas (10%H2 , 90% N 2) to  create  a reducing atm osphere at ap p roxim ately  
900 C. A fte r  id en tifica tion  o f  th e  phases presen t w ith  X - r a y  d iffraction , 
th e  fo llo w in g  reaction  w as prop osed :

Y B a2Cu3 0 7 _ 5 + ( 3 .5 - s ) /2 H 2  — > 1/2Y 20 3 + 2B aO  + 3C u + ( 3 .5 - s ) H 20

A s  a resu lt, th e  rem aining w e ig h t after th e  red u ction  corresponds to  a  
f ix e d  sto ich iom etry  o f  3.5 o x y g e n  atom s p er form ula. In  this w a y  it is 
p o ssib le  to  calcu late th e orig inal o x y g e n  sto ich iom etry  and data such as in
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7.0

F igu re 2 .12 : O x y g en  con ten t against tem perature w ith  varying a tm osp h ere  
(ca lcu la ted  fro m  T G A  resu lts) [93].

F igure 2.13: V ariation  o f  su p ercon d u ctive  p ro p erties w ith  an nealing  
tem perature and o x y g e n  a tm osp h ere [35].
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fig u re  2.12  are obtained .

N eu tron  or X - R a y  D iffra ctio n
A n o th er  w ay  to  ca lcu la te  o x y g en  sto ich iom etry  is b y  n eutron  o r  in  

so m e cases X - r a y  d iffraction  [8 2 -9 0 ] . T h e  d iffracted  radiation is o b serv ed  
and w ith  th e  h elp  o f  R ie tv e ld  refin em en t program s, th e occup an cy factors  
fo r  each  atom  are fou n d . T h is m eth od  has th e  advantage that it tak es into  
account o n ly  th e  o x y g e n  that ex ists in  th e  Y B C O  structure and n o t  in  
oth er im purity  phases. H o w ev er , p referred  orien tation  and d ifferen t  
req u irem en ts fro m  th e re fin em en t program  m ay red u ce th e  accuracy o f  
th ese  m easurem ents.

Iod om etric  titration
In this m eth od , th e  average  cop p er  oxidation  state is d eterm in ed  and  

fro m  th is, th e  o x y g e n  sto ich io m etry  can b e  calcu lated  [9 5 -9 7 ] . In  th e  first 
step , th e  to ta l C u con ten t is d eterm in ed . T h e  Y B C O  m aterial is d isso lv ed  
in  b o ilin g  HC1 acid  so  that a ll C u is  con verted  to  C u^+ . A d d in g  K I, C ul 
is  fo rm ed  and th e  re lea sed  I2  is  m easu red  through  titration  w ith  sod iu m  
th iosu lfa te .

C u 2 + ,C u 3 + (in  Y B C O ) (3 C |) c u 2 +  ( aq)

Cu2 + (a q )+  2 1 -  ----------------> C u l(s ) +  1/2I2  ( aq)

S 2O 32+  + 1/212----------------- >s 4o 62 + + I -

In th e  seco n d  step , in  a n itro g en  atm osphere, another Y B C O  sa m p le  
(fro m  th e  sam e b atch ) reacts w ith  d ilu ted  HC1 contain ing K I, so  that any  
C u3+ w ill react w ith  th ree  I io n s, instead o f  b e e n  con verted  to  C u ^ + as 
in  th e  first step . A s  a  resu lt, m ore sodium  th iosu lfa te  w ill b e  n ecessa ry  to  
titrate th e  re lea sed  I2 . F rom  th e  d ifferen ce  o f  th e th iosu lfa te  n ecessa ry  fo r  
th e titration  in  th ese  tw o  step s, th e C u^+ /C u 2 + ratio can b e  d eterm ined .

C u2 + (in  Y B C O ) + 2I~ ------ > C u l(s ) + 1/2I2  ( aq )

Cu3 + (in  Y B C O ) + 3 I _  ------ » C u l(s )  + l 2  ( aq )

T h is m eth o d  has b e e n  u sed  ex ten siv e ly  in  order to  p ro v id e  h igh er  
accuracy than th e  red u c tio n /T G A  m eth od .
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O ther tech n iq u es
A  variety  o f  oth er tech n iq u es has a lso  b e e n  d ev e lo p ed  such  as the  

vo lu m etric  m easurem ent o f  gases ev o lv in g  fro m  th e  d issolu tion  o f  Y B C O  
in  d ilu te  HC1 acid  [98], th e  charged  particle  activation  m eth od  [99] and  
cou lom etric  titration  [100], a lthough  th ey  h ave not b ee n  used  b y  m any  
research  groups.

2 .4 .3 . O rthorhom bic -  to  -  T  etr agon al ( O - T )  T ransition

O x y g e n  sto ich iom etry  can  ch an ge in  Y B C O  at tem peratures h igh er  
than 400 C . A n y  variation  o f  th e  sto ich iom etry  is n ecessarily  co n n ected  
w ith  an e f fe c t  o n  th e  structure o f  th e  m aterial. O x y g en  can b e  r em o v ed  
fro m  th e  b ase  p lan e conta in ing th e  C u - O  chains appearing in  fig u re  
2.14(a).

T h e  s ite  occu p an cies o f  0 4  and 0 5  versus tem perature fro m  in  situ  
n eu tron  d iffraction  data in  o x y g e n  are sh ow n  in  fig u re  2.15 [93]. T h e  0 4  
site  lo ses  o x y g e n  if  th e  tem p eratu re  is h igher than  400 C  and a partia l 
occu p an cy o f  th e  0 5  site  b eg in s. W h en  th e o x y g e n  sto ich iom etry  b ec o m e s  
v ery  lo w , th e  tw o  site  occu p an cies b eco m e eq u a l and from  th e ord ered  
orthorhom bic structure, th e  d isord ered  tetragonal phase resu lts, w h ere  
a = b . T h is p ro cess is illu strated  in  fig u re  2.14 ( a ) - ( c ) .

T h e  90  K  superconducting orthorhom bic p h ase w ith  a < b - c /3 ,  is 
u sually  referred  to  as O i, w h ile  th e  still orthorhom bic ( a < b < c /3 )  but 
sligh tly  d isord ered  p h ase w ith  lo w er  T c , is referred  to  as O ii. T h e  
tetragonal p h ase  (T )  w ith  a = b < c /3  is  not superconducting.

S tudies o f  T c [101] and structure [102,103] versu s th e o x y g en  con ten t  
h ave r ev ea led  that under certain  circum stances, an o x y g en  ord ered , 
orthorhom bic phase w ith  T c = 6 0  K  can b e  fo rm ed  at sto ich iom etry  
6 .5 -6 .7 .  In  fig u re  2.16 th e  su p ercon d u ctive  transition  tem perature versu s  
o x y g e n  con ten t is  sh ow n  [101]. In this case th e  sam ples b ecam e o x y g e n  
d efic ien t w ith  a lo w  tem perature (Z r -g e tte r in g )  tech n iq u e, th ere fo re , 
m aintainance o f  o x y g e n  ord erin g  w as favoured . In d eed , T E M  and e le c tro n  
d iffraction  stud ies o f  th e  60 K  phase b y  C haillout et al. [104] sh o w e d  
ind ications o f  a superstructure d u e to  o x y g e n  ord erin g , w ith  d ou b lin g  o f  
th e a -a x is  w h en  o n ly  h alf o f  th e 0 4  sites w h ere  occu p ied .

T h e  study o f  c e ll param eter variation  can y ie ld  in form ation  about th e  
O - T  transition. T h is transition  is  m ain ly in flu en ced  b y  th e tem p eratu re  
and th e  atm osphere. In fig u re  2.17 th e  e ffe c t  o f  am bient o x y g en  o n  c e ll  
param eters is sh ow n  fro m  n eu tron  d iffraction  data [93]. It is ob viou s that
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F igu re 2.14: T h e  C u - O  base plane: (a ) O i orthorhom bic structure w ith  
C u - O  chains, (b )  O ii d isord ered  orthorhom bic and (c )  T  tetragonal 
phase.

F igu re 2.15: T em p eratu re  d ep e n d en c e  o f  th e  site  occu p an cies o f  0 4  
(0 ,* ,0 )  and 0 5  (* ,0 ,0 )  in  o x y g e n  atm osp h ere  [93].
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F igure 2.16: O x y g en  con ten t d ep en d en ce  o f  the sup ercon d u ctive transition . 
V ertical bars indicate the 1 0% - 90% transition w idth , horizon ta l bars th e  
m idpoint [101].

F igure 2.17: T h e  a and b  c e l l  param eters versus tem perature. T h e  e ffe c t
o f  partial o x y g e n  pressure can  b e  ob serv ed  [93].
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th e  O - T  transition  occurs at h igher tem peratures w h en  th e o x y g en  partial 
pressu re is h igh er, but th e  d iffer en c e  fro m  2% - 100% O 2 is not m o re  than  
80 C; fro m  610 (2% 0 2) to  690 C (100% 0 2 ).

H o w ev er , w h en  data fro m  various studies [105-110,94] are com pared  
(fig u re  2 .18), it can b e  se e n  that th ey  are q u ite scattered  and fo rm  tw o  
groups. T h e  first, rep resen ted  w ith  em p ty  sym b ols has O - T  transition  
tem peratures in  th e range 7 5 0 -8 2 0  C , and th e seco n d  group rep resen ted  
w ith  f il le d  sym b ols has transition  tem peratures b e tw e en  6 0 0 -6 7 5  C. A  set 
o f  data fro m  another research  group  [111] w as out o f  sca le  in  th e sam e  
diagram . It m ust b e  n o ted  that a ll data are fro m  X - r a y  or neu tron  
d iffraction  in  air. A  sim ilar com parative study [112], listing O - T  transition  
tem p eratu res, a lso  sh ow s con sid era b le  d iscrepancies b e tw e en  r e feren ces . 
T h ese  d ifferen ces , th ere fo re , ind icate that either th e m aterial has a  very  
u n p red ictab le  b ehaviour an d /or  th e  m eth od  o f  determ ination  o f  ce ll  
param eters fo r  each  group lead s to  system atic  errors.

R eason s that cou ld  lea d  to  system atic errors are: (a )  A p p rec ia b ly  
d ifferen t tim e fo r  th e  eq u ilib ration  at a certain  tem perature, (b )  C ell 
param eter d eterm ination  w ith  sm all accuracy (n o  internal standard, lim ited  
num ber o f  p eak s tak en  in to  account e tc .) , (c )  D iffe r e n c e  in  q u en ch in g  
sp eed . S o m e q u en ch  th eir  sam p les w ith  liquid  n itrogen  and so m e  just 
q u en ch  th em  in  air or b e tw e e n  C u p lates or (d ) Q u en ch ed  sam ples cou ld  
p o ss ib ly  b eh a ve  d ifferen tly  than in  "in situ" observations, exam in ation  o f  
th e  data, h o w ev er , sh ow s n o  d istin ctive  trend.

A n o th er  argum ent exp la in in g  th e lack o f  rep rod u cib ility  in  H T S , 
su g g ested  b y  S le igh t [113], w as that Y B C O  as w e ll as oth er  H T S , are 
therm od yn am ically  stab le  o n ly  at h igh  tem peratures and o n ly  d u e  to  
en trop y. A s  "entropy sta b ilized  phases", their p rop erties are v ery  
d ep en d en t o n  p rocessin g  and th erefo re  reproducib ility  is d ifficu lt.

T h e  con clu sion  that can b e  draw n is that it w o u ld  b e  u n safe  to  m ak e  
d irect, quantitative com parisons b e tw e e n  c e ll  param eter results u n less all 
con d ition s are h e ld  constant. T h er efo r e  it is  ab so lu tely  essen tia l that such  
resu lts are se lf -c o n s is te n t  as th ese  o f  figu re  2.15.

2.4 .4 . T h erm al E xpansion  C o e ffic ien t

S in ce  th e  orthorhom bic and tetragon al phase o f  Y B C O  are essen tia lly  
d ifferen t m aterials, d ifferen t behaviou r is  ob served  fo r  m any p h ysica l 
p rop erties. T h e  therm al exp an sio n  co effic ien t has b ee n  m easu red  b y  
O ’B ryan and G allagher [94,110] and w as fou n d  to b e  a ffec ted  b y  changes

57



TEMPERATURE [°C]

F igure 2.18: T h e  tem perature d ep en d en ce  o f  th e a and b  c e ll  param eters  
o f  Y B C O . D ata c o llec te d  fro m  referen ces: o  105, +  106, x 107, □  108, 
*  109, ■  110, *  94.
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in  o x y g e n  sto ich iom etry .
T h ere  are th ree  reg im es fo r  th e  therm al exp an sion  c o effic ien t over  

th e  tem p eratu re range 25 to  80 0  C:

I: 25-400 C 3=12.9x10-6/ C
II: 400-635 C a=25.0xl0“ 6/ C
III: 635-800 C a=20.0x!0-6/ C

F rom  X - r a y  data o n  th e  c e ll  param eters variation , it is fo u n d  that 
th e  therm al exp an sion  c o e ffic ie n ts  are an isotropic w ith  aa= 2 2 x l0 ~ 6 j 
a fc=3 .5x l0 ” 6 and ac= 3 0 x l0 " 6 /  q  fro m  25 to  600 C. T h e se  va lu es g iv e  an  
average that agrees w e ll w ith  d ilatom etry data. It can b e  o b serv ed  that a^  
is m uch  sm aller  than aa or ac . T h is is b ecau se  th ere  is n o  sign ifican t  
change a lon g  th e  b - a x is ,  during th e  O - T  transition , w h ile  th e rem o v a l o f  
0 4  a ffec ts  b o th  a and c - a x e s  sev ere ly .

T h e  resu lt o f  this p ro n o u n ced  an isotropy and also o f  the tem p eratu re  
d ep en d en ce  o f  therm al exp an sio n  c o effic ie n t is therm al contraction  stress. 
T h is stress is a llev ia ted  b y  tw in n in g  and th e  form ation  o f  m icrocracks at 
grain b oundaries.

B o th  situations h ave b e e n  ob serv ed  b y  m icro scop y  studies. T w in n in g  
g iv es characteristic im ages w h en  ob served  w ith  T E M  [104] or w ith  
p olarised  ligh t under th e  o p tica l m icro scop e  [112]. T w in s h ave b e e n  fo u n d  
to  appear a lw ays w ith  th e  orthorh om b ic phase and to  disappear w h e n  th e  
m aterial b eco m es tetragonal.

T h e  co n n ectio n  b e tw e e n  therm al stress and tw inn ing has b e e n  
dem onstrated  sin ce  th erm om ech an ical detw inning w as ach ieved  in  sin g le  
crystals. A fte r  th e  app lication  o f  a  uniaxial com p ressive  stress a lon g  an  
a /b  axis at e lev a ted  tem p eratu res, n o  tw ins w ere  ob serv ed  and th e  crysta ls  
rem ain ed  supercon d u ctin g  [114].

M icrocracks are a v e ry  im portant p ro b lem  fo r  th e com m ercia l 
applications sin ce  th ey  cause d eterioration  o f  th e  m ech an ical p ro p erties o f  
th e  m ateria l, in  addition  to  a ffec tin g  th e su p ercon d u ctive p ro p erties. T h e  
p ro b lem  is ev id en t esp ec ia lly  w ith  very  h igh  d en sity  sam ples. W h en  th e  
density  is m o re  than 96% , th e  m aterial has an abnorm ally  lo w  Y o u n g ’s 
m od u lu s [115].
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2.4.5. Electronic Conductivity

T h e  app lication  o f  an e lec tr ic  f ie ld  to  a m aterial results in  a current 
w h ich  reaches an eq u ilib riu m  ’’d irect current” valu e. T h e  tota l e lectr ica l 
con d uctiv ity  a is th e  sum  o f  th e con d uctiv ities a[ o f  each  o f  th e m ov in g  
sp ec ies  i  (e lec tro n s , h o le s , io n s , vacan cies).

a  = I a { = tpr + t2 c r + (2.4.1)

w h ere  q  is th e  tran sferen ce num ber for  th e  sp ec ies i ,  g iv in g  a m easure o f  
h o w  m uch  each  o f  th e  sp e c ie s  contributes to  th e  tota l conductiv ity .

T h e  con d uctiv ity  <q is d e fin ed  b y  th e  relationship:

°i = (2 .4 .2 )

w h ere  E  is th e  e lectr ic  f ie ld  stren gth  and jj is th e  e lectr ic  current d en sity  
fo r  th e  m ov in g  sp ec ies  i. T h e  current density  j is d e fin ed  as th e  charge  
transported through  a unit area in  a unit o f  tim e and d ep en d s o n  the  
con cen tration  o f  th e  charged  particles (num ber p er  unit v o lu m e, n ) , their  
drift v e lo c ity  u and th e  charge p er  p article  q =  z e  (z  is va len ce  and e  
th e  e lectro n ic  charge):

Ji — n i ui z i  e (2 .4 .3 )

C om bin ing th e  last tw o  eq u ation s,

vi
o"j — nj Zj e (2 .4 .4 )

T h e  drift v e lo c ity  is d irectly  p rop ortiona l to  th e  lo ca l e lectr ic  f ie ld  
and th e  fo llo w in g  ratio is  d e fin e d  as th e  m ob ility  /q:

Ui
Pi = (2 .4 .5 )

T h erefo re  th e  con d u ctiv ity  can b e  exp ressed  as:
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° i  — nj z[  e  fi{ — nj qj /q (2 .4 .6 )

T h is rela tion  can b e  ap p lied  either to  e lectro n s/h o les  (e lec tro n ic )  or  
to  io n s/va can cies (ion ic  co n d u ctiv ity ).

T h e  ceram ic su perconductor Y B a2Cu3C>7 _ 5 is  a m ixed  con d uctor, fo r  
w h ich  th e m ovin g  sp ec ies  are h o les  and o x y g e n  ions (d ep en d in g  o n  th e  
tem p eratu re). T h e  m ajority carriers are h o les  so  th e m aterial can  b e  
d escrib ed  as a p redom inantly  e lectro n ic  conductor:

t (Y B C O ) =  t[h ] + t [ o 2 - ]  = t[h '] (2 .4 .7 )

A t tem peratures > 4 0 0  C  o x y g e n  io n ic  con d uctiv ity  appears, but has a  v ery  
sm all, in sign ificant contribution  to  th e  total conductiv ity .

T h e  o x y g e n  con cen tration  o n  th e  other hand, has a very  im portant 
e ffe c t  o n  th e  h o le  con d u ctiv ity  sin ce  it determ ines th e  h o le  con cen tration  
through  th e  fo llo w in g  reaction:

V o  + 1 /2  0 2 ---------- > O q + 2h' (2 .4 .8 )

M easurem ents o f  e lectr ica l resistiv ity  o f  Y B C O  at tem p eratu res  
b e tw e e n  20 and 900 C  and various O 2 pressures sh o w ed  a stron g  
d ep en d en ce  o n  o x y g en  d efic ien cy  5 [116,117]. A s  it is sh ow n  in  fig u re  2.19 
th e resistiv ity  increases sharp ly  at tem peratures h igher than 500 C  sin ce  at 
th ese  tem peratures th ere  is  o x y g e n  loss. T h e  d ep en d en ce  o f  con d u ctiv ity  
o n  o x y g e n  partial p ressure sh o w n  o n  this f ig u re  can b e  m o d e lled  using  
eq . 2 .4 .8  . A ssu m in g that concen trations can b e  u sed  instead  o f  activ ities, 
th e  reaction  constant is:

[O^] [h ]2

( P Q j i  [V 0 ]
(2 .4 .9 )

T h e  o x y g e n  con cen tration  [O g] is large en o u gh  to  b e  con sid ered  as 
constant. O n  the first m o d e l, using eq . 2 .4 .8  th e relation  [ V o ‘] = 2 [ h ]  can  
b e  con sid ered . A p p ly in g  b o th  argum ents to  2 .4 .9 , th e  fo llo w in g  is  
obtained:

k '  =
[ h ]2

(P 0 2 ) i  2[ h ]
[h ]

2 (PO;)*
(2.4.10)

A s a resu lt th e  h o le  con cen tration  [h ] and, th erefo re , con d u ctiv ity  is
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proportiona l to  (P q 2) ^

M od el I : a [h ] «  ( P o 2)^ (2.4.11)

In  th e  seco n d  m o d e l, if  [V q *] is large en o u gh  to  b e  con sid ered  
constant as w e ll  as [O g], th e  re la tio n  2.4 .9 w ill b ecom e:

k'=
[ h ]2

(PO,)*
(2.4.12)

lead ing to  :

M od el II : o- « p r ]  « (P 0 a )* (2 .4 .13)

B oth  situations h ave b e e n  o b serv ed  in  d ifferen t reg im es. A s  sh o w n  in  
figu re  2.20 [118], w h ere  th e  lo g  o f  conductiv ity  is  p lo tted  against th e  lo g  
o f  o x y g e n  partial pressu re, at lo w  o x y g e n  pressures w h ere  [V o  ] is sm all 
en ou gh  to  fo llo w  th e  m o d e l I b eh av iou r, th e  s lo p e  is 1 / 2 , w h ile  at lo w er  
tem peratures and o x y g en  p ressu res b e tw e e n  0.01 and 1  atm. th e s lo p e  
s lo w ly  chan ges, approaching th e  v a lu e  1/4, as su g g ested  fro m  m o d e l II.

H igh  tem perature resistiv ity  a lso  p rovid es in form ation  about th e  
orthorhom bic to  tetragonal ( O - T )  transition tem perature. A  ch a n ge  in  
s lo p e  in  th e  resistiv ity  curves o f  f ig u re  2.19, w h ich  can b e  ob served  m ore  
easily  w h en  th e  res is tiv ity -tem p era tu re  logarithm ic derivative is p lo tte d  
against tem p eratu re as in  fig u re  2.21, sign ifies th e  O - T  transition. R esu lts  
fro m  tw o  stud ies [116,117] a g ree  w e ll  as sh ow n  in  figu re  2 .22, w h e r e  th e  
transition  tem perature is p lo tted  against th e  logarithm  o f  partial p ressu re  
o f  o x y g en . In  situ  neu tron  d iffraction  data [93] in clu d ed  in  th e  sam e  
figu re  are in  g o o d  agreem en t as w e ll, e v en  th ou gh  th ey  g iv e  s lig h tly  
h igher va lu es ( 2 0 - 3 0  d eg rees) fo r  th e  tem perature.

H igh  tem perature d e fe c t  chem istry  data, in clu d in g  th e  e lec tro n ic  
carrier (h o le )  gen eration  m ech an ism  and th e  O - T  transition tem p eratu re  
can b e  ob ta in ed  through con d u ctiv ity  m easurem ents. In form ation  o n  
o x y g en  k in etics has a lso b e e n  d er iv ed  and it w ill b e  exam in ed  in  th e  n ext  
section .
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F igure 2.19: T em p eratu re d ep en d en ce  o f  resistiv ity  o f  Y B C O  at various  
o x y g en  partial pressures. T h e  d otted  cu rve sh ow s th e change in  s lo p e  due  
to  th e  O - T  transition [116].

F igu re  2.20: E quilibrium  e lectr ica l con d u ctiv ity  as a fu n ction  o f  o x y g e n  
partial pressu re at 5 0 0 -8 0 0  C . T h e  s lo p es  £ and $ p red icted  b y  m o d e ls  I 
and II are ind icated  [118].
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F igure 2.21: T em perature d ep en d en ce  o f  th e resistivity  logarithm ic
d erivative [116].

0 -T TR AN S ITIO N  TEM PERATURE [C]
Figure 2.22: T h e  orthorhom bic to  tetragonal transition tem perature versus 
partial pressure o f  oxy gen . D ata fro m  referen ces: [ * 116, + 117, x  93].
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2.4.6. Oxygen Mass Transport

A ll th e  fabrication  rou tes o f  Y B C O  bulk  superconducting ceram ics  
in v o lv e  fabrication  o f  th e  tetragon al phase w ith  o x y g e n  sto ich io m etry  
approxim ately  6 , fo llo w e d  b y  a fin a l stage o f  0 2  annealing at lo w  
tem peratures so  that the o x y g e n  con ten t reaches a va lu e o f  6 .9 - 7 .  In  this 
w ay th e su p ercon d u ctive  p rop erties are op tim ized . T h e  transfer o f  o x y g e n  
occurs in  such  a w ay  that th e  con cen tration  gradients (ch em ica l p o ten tia l 
grad ients) are red u ced . F or any sim ilar system  w h ere  con cen tration  
gradients are p resen t, F ic k ’s first la w  states that th e  f lu x  (J) -  the  
quantity o f  th e  d iffu sin g  m ateria l w h ich  passes p er  unit tim e th rou gh  a 
unit area norm al to  th e  d irection  o f  d iffu sion  is proportional to  the  
con cen tration  gradient. C onsidering an isotrop ic  m ediu m  under con d ition s  
o f  constant p ressure and tem p eratu re, this is exp ressed  as:

3c
J =  -  D  -------  (2.4.14)

ax

w h ere  c is  th e  con cen tration  p er  unit v o lu m e and x  th e  d irection  o f  
d iffu sion . T h e  d iffu sio n  c o e ffic ie n t D ,  usually  g iv en  in  units o f  cm ^ /s is a 
proportiona lity  factor sp ec ific  to  the g iv en  m aterial.

F rom  th e  tech n o lo g ica l p o in t o f  v ie w  it is in teresting to  k n o w  the  
change in  con cen tration  at any p o in t w ith  tim e. C onsidering tw o  p ara lle l 
plan es at a d istance d x , th e  f lu x  throu gh  th e  first p lan e (J^) is as in  eq. 
2.4.14, w h ile  th e  f lu x  throu gh  th e  seco n d  p lan e is:

3J 3c 3 3c
J2 =  J + -----  d x  =  - D --------------------- (  D --------- ) d x  (2.4.15)

dx dx dx dx

Subtracting,

aJ 3 3 c
J2 -  J l =  -----  = ----------- (D  ----------- ) d x  (2.4.16)

3 x  dx d x

S in ce  th e  change in  f lu x  w ith  d istance is equ al to  - 3c /3t, the  
fo llo w in g  rela tion  results:
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0 C (2.4.17)a2c
=  -  D  -------

0t 0x2

w h ich  is F ick ’s seco n d  law . A n  approxim ation  o f  th e  so lu tion  o f  th is  
equ ation  can b e  ob ta in ed  b y  x  * ^"Dt- .

E in stein  first su gg ested  that e v e n  though  F ick ’s law s are ex p ressed  in  
term s o f  con cen tration , th e  fo r ce  ( f )  fo r  d iffu sion  (in  th e  a b sen ce  o f  
e lectr ic  f ie ld  or therm al grad ien ts) is th e chem ical p oten tia l or partial 
m olar fr e e  en erg y  gradient d q /d x . T h e  f lu x  J can b e  exp ressed  as th e  
product o f  con cen tration  and v e lo c ity . U sing th e  d efin ition  o f  ab so lu te  
m ob ility  Bj =  v e lo c ity /fo r c e ,

1  d q
Jj =  -  q  q  =  -  q  B[ f  =  -  q  B i ---------------- (2 .4 .18)

dx

w h ere  is A v o g a d ro ’s n u m b er. T h e  change in  chem ical p o ten tia l, 
assum ing that con cen tration  can  b e  u sed  instead o f  activ ity , is:

d q  =  R  T  d ln c i (2.4.19)

Substituting in  2.4.18, th e  fo llo w in g  relation  results:

R  T  d q  d q
Ji =  -  B j -------------------- =  -  B i k  T ----------- (2 .4 .2 0 )

N a  d x  d x

w h ere  k  is B o ltzm a n n ’s constant. C om paring this eq u ation  w ith  F ick ’s first 
la w  (eq . 2 .4 .14), th e N e r s t-E in s te in  relation  (co n n ectin g  d iffu s io n  
co e ffic ie n t and m o b ility ) can b e  obtained:

D f  =  k  T  Bj (2.4.21)

A n oth er  w ay  o f  p resen tin g  th e  N e r s t-E in ste in  eq u ation  includ ing th e  
con d uctiv ity  a  and can b e  derived: U sin g  th e d efin itio n  o f  m ob ility  q = u /E  
(2 .4 .5 ) and th e  fundam ental eq u a tion  E = f /q  w h ere  u is  th  drift v e lo c ity , E  
is th e  e lectr ic  f ie ld  and f  th e  fo r ce  gen erated  b y  it,

ui q iHi =  ------------- (2 .4 .2 2 )

P lea se  n o te  that q - c h e m ic a l  p oten tia l, u sed  in  eq . 2.4.18, 2.4.19, is  
d ifferen t fro m  th e q - m o b i l i t y  in  2 .4 .5 , 2 .4 .6 , 2 .4 .2 2 -2 .4 .2 4  etc .
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Substituting this in  th e  eq . B = u /f  (d efin itio n  o f  abso lu te  m ob ility )  
gives:

Bi =
Pi

qi
(2 .4 .23)

E ven tu a lly , using  eq .2 .4 .23  a lon g  w ith  th e E instein  relation  (2 .4 .21),

D * =  k  T —  (2 .4 .2 4 )
Qi

w h ere  D f  is th e  s e lf  d iffu sio n  co effic ien t  (referrin g  to  d iffu sion  in  th e  
ab sen ce o f  a con cen tration  grad ien t). D iv id in g  b oth  sid es o f  th e  
con d uctiv ity  eq u ation  (2 .4 .6 ) w ith  b o th  sid es o f  (2 .4 .2 4 ),

_  n i q i2  

D f  k  T
(2 .4 .25)

In this w ay  th e se lf  d iffu sio n  c o e ff ic ie n t  is related  to  th e  con d u ctiv ity  o f  
th e  m ovin g  sp ecies .

T h e  d iffu sio n  c o e ffic ie n t w h en  th ere  is a concentration  gradient is  
larger than th e  se lf  d iffu sion  c o e ff ic ie n t  and it is ca lled  th e  chemical 
d iffu sio n  co effic ien t (D ) . T h e  tw o  co effic ien ts  are co n n ected  b y  th e  
relation:

dlnai
Di =  D * ------  (2.4.26)

d ln q

w h ere  â  is th e  activ ity  and q  th e  concentration  o f  th e  d iffu sin g  sp ec ies . 
T h e  d lna/d ln c ratio is  ca lled  therm odynam ic factor. T h e  d erivation  o f  this 
relation  is g iv en  in  A p p en d ix  1.

A  large n um ber o f  tech n iq u es h ave b e e n  u sed  to  d eriv e  o x y g e n  
transport data and th ey  w ill b e  b r ie f ly  p resen ted  b elow :

1 e o / i  8 o  e x ch a n g e-S IM S  p ro filin g  [119,120]:
A n  accurate but ex p en siv e  tech n iq u e , m easuring D *  b y  tracing th e  p ro file  
o f 10O  in  a sam p le equ ilib rated  first in  1 eO  and th en  le ft  fo r  a sp e c ified  
tim e in  1 fiO  at th e  sam e tem perature. T h e  m easured  p ro file  is  f itted  to  an  
analytical so lu tion  o f  F ick ’s seco n d  law .
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T h erm al analysis [121,122,123]:
M easuring either w eigh t ch an ges during step w ise  changes o f  o x y g e n  
p ressure or th e heat in v o lv e d  during absorption o f  o x y g en  and analysing  
th e  data according to  a particular m o d el, ch em ical d iffu sion  c o e ffic ie n ts  
can b e  estim ated .

In situ  resistiv ity  [124,125]:
M easurem ents are m ade in  iso th erm al or constant heating rate con d ition s  
and th e  resu lts are m o d e lled  to  p ro v id e  S  (ch e m ).

E lectroch em ica l tech n iq u es [126,127,128]:
D iffer e n t exp erim en ta l arrangem ents in vo lv in g  io n ic , e lectro n  b lo ck in g
e lec tro ly te s  such  as (Y )Z rC >2 are u sed . A  variety  o f  m easurem ents h ave  
b e e n  p erfo rm ed  resu lting in  estim ation s o f  se lf  d iffu sio n  co effic ien ts .

O ther m eth od s [129,130,131]:
U sin g  o p tica l m icroscop y , m agn etic  or current transport m easu rem en ts, th e  
order o f  m agnitude o f  ch em ica l d iffu siv ity  has b e e n  rou gh ly  approxim ated .

1 6 0 / 1 0 0  ex ch a n g e-S IM S  m easurem ents in  sin g le  crystals [132] h ave  
sh ow n  p ro n ou n ced  an isotropy fo r  d iffu sion  in  th e  ab p lan e and a lo n g  the  
c -a x is .  D iffu s io n  along th e  c  axis (d £) w as fou r to  s ix  ord ers o f  
m agnitude sm aller than in  th e  ab p lan e (D ^b): D ^b -  10^ - 10^ d £.

T h e  d iffu sion  m ech an ism  is th erefo re  su gg ested  to  b e  tw o
d im en sion a l, w ith  o x y g e n  m o v in g  through  th e  basal p lan e and e sp ec ia lly  
through  th e  vacant 0 5  sites, as sh ow n  in  figu re  2.14.

In fig u re  2.23 a com p ila tion  o f  th e data o n  o x y g en  se lf  d iffu s io n
co e ffic ie n t in  p o ly crysta llin e  Y B C O  is p resen ted . C hem ical d iffu s io n  
c o e ffic ie n t data h ave b e e n  in c lu d ed , using th e  therm odynam ic factor  and  
eq u ation  (2 .4 .2 6 ) to  calcu late th e  eq u ivalen t s e lf  d iffu sion  c o e ffic ie n t. T h e  
d erivation  and calcu lation  o f  therm odynam ic factor  fro m  th erm ogravim etric  
data b y  K ish io et al [121] is  p resen ted  in  detail in  A p p en d ix  2.

T h ere  is con sid erab le  d isagreem en t b e tw e en  th ese  results, o f  about 
4 - 6  orders o f  m agnitude. T h is and esp ec ia lly  th e  d ifferen ces in  activation  
en erg y  ind icate that a p o ss ib le  exp lan ation  can b e  th e  fact that d ifferen t  
p ro cesses are b ein g  m easu red  b y  d ifferen t tech n iq u es. T his can b e  d u e  to  
th e  actual exp erim en ta l tech n iq u es or to  th e  m eth od s that in  each  case  
h ave b e e n  u sed  to  assess th e  resu lts and calcu late th e  d iffu sion  c o e ffic ie n t. 
It sh ou ld  also  b e  n o ted  that w h ere  s o lid -g a s  equ ilibrium  reaction s are 
in v o lv ed , th e  surface exch a n g e  p rocess m ay b e  rate controlling.
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1 0 0 0 A  (K- 1 )

F igu re 2.23: O x y g en  d iffu sion  c o e ff ic ie n t  versus tem perature. D ata  from  
refs. [119-131].
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N ev erth e less , th e  approxim ate m agnitude o f  the o x y g en  d iffu siv ity  at 
400 C  has in  p ractice b e in g  reco g n ized  as a lim iting factor for  the  
fabrication  o f  very  d en se  Y B C O . It has b ee n  rep orted  that using  
fabrication  tech n iq u es resu ltin g  in  alm ost th eoretica l density  m aterial, had  
p rod u ced  Y B C O  w ith  critical current densities lo w er  than fo r  less d en se  
m aterial [131]. T h e  reason  fo r  this w as that it w as not p o ss ib le  to  fu lly  
ox y g en a te  and transform  to  th e  orthorhom bic superconducting phase th e  
original tetragonal m aterial in  a  reason ab le  tim e. A s  a resu lt, after  
annealing at around 400 C  th e  sam p les fo r  severa l hours, o n ly  a v ery  th in  
sheath  around th e  sam p le h ad  b ec o m e  orthorhom bic, leav in g  th e  b u lk  o f  
it in  th e  tetragonal n o n -su p e r c o n d u c tiv e  phase. It is , th ere fo re , p o ss ib le  
that a  p orosity  o f  around 10% is n ecessary  so  that o x y g e n  circu lating  
through  th e p ores w ill transform  th e m aterial to  orthorhom bic. T h e  
determ ination  o f  d iffu siv ity  w ill  en a b le  th e  quantitative assessm ent o f  this 
p ro b lem  and th e  study o f  m eth od s to  o v erco m e it.
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2.5. Ceramic Fabrication

S in ce  th e  d iscovery  o f  Y B C O  m any effo rts h ave b ee n  m ad e to  
im p rove its prop erties th rou gh  b etter  m ethods o f  fabrication.

T h e  id ea l conditions fo r  ceram ic fabrication  requ ire p ow d ers that 
fu lf il  th e  fo llo w in g  req u irem en ts [133]:
i  . S m all particle  s iz e
ii . U n ifo rm  particle  s iz e
iii . E q u iaxed  shapes
iv  . W ea k ly  agglom erated
v  . H ig h  purity
v i . C onstant com p osition

A s a  resu lt m any m eth od s o f  fabrication  o f  bu lk  Y B C O  h ave b e e n  
d ev e lo p ed  eith er  b y  m o d ify in g  th e  conventional ceram ic fabrication  o r  b y  
using w e t  chem ical preparation  m ethods w h ich  h ave b e e n  p ro v ed  v ery  
e ffic ie n t in  th e  fabrication  o f  ceram ics. T h ese  m ethods w ill b e  r e v ie w e d  
w ith  th e  e x ce p tio n  o f  ch em ica l and physical tech n iq u es for  th in  film s . In  
tab le  2 .3 , th e  gen era l tech n iq u es for  bu lk  ceram ic fabrication  are  
su m m arized  w ith  so m e o f  th e  m ost su ccessfu l routes and ty p ica l 
referen ces.

T a b le  2.3: T y p ica l m ethods fo r  ceram ic fabrication  o f  bu lk  Y B C O

R e f.
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2.5.1. Conventional fabrication and related methods

T h e  con ven tio n a l rou te  in v o lv es  m ixing and thorough  grinding o f  
Y 2O 3 , BaCC>3 and C uO . A fte r  fir in g  at tem peratures near 950 C  the  
Y B C O  phase is form ed . T h e  grinding p roced u re is rep eated . T h e  m aterial 
is com p acted  and fired  again fo llo w e d  b y  s lo w  co o lin g  so  that it can  soak  
o x y g e n  and b eco m e  orthorh om b ic. T h ere  are severa l su ggestion s about the  
atm osphere and duration o f  an n ealin g , as w e ll as th e  num ber o f  tim es that 
th e  grind in g/sin terin g  p ro ced u re  sh ou ld  b e  rep eated . In  a ll cases h o w e v e r , 
a p ost annealing at 4 0 0 -4 5 0  C  in  o x y g e n  is necessary  in  order to  
transform  all th e  tetragonal p h ase to  orthorhom bic.

O n e  m od ifica tion  b y  A lfo r d  e t  al. [131] w as th e u se  o f  v isco u s  
p rocessin g . A fter  th e  form a tion  o f  Y B C O  b y  calcination  o f  th e  precursors  
and red u ction  o f  th e  particle  s iz e  b y  m illin g  in  a h igh  en erg y  v ib ro  m ill, 
it is m ix ed  w ith  a v isco u s p o ly m er  so lu tion . T h e  m ixture is  p ro cessed  on  
a tw o  ro ll m ill fo r  h o m o g en iza tio n  and extru d ed  in  a ram  extruder. T h e  
resu lting m aterial is dried  at 80 C  and fired . T h e  fin al product is m ateria l 
w ith  9 5 -9 9 %  o f  the X - r a y  density . T h e  su ccess o f  this m eth od  is d u e  to  
th e  fact that th e  p o w d er  u sed  had  a v ery  sm all particle  s iz e  and the  
agg lom erates w e r e  b ro k en  b y  th e  v iscou s p rocessin g . A n o th er  im portant 
advantage is that various shapes su ch  as w ires, tapes and springs can  b e  
easily  p roduced .

A n oth er  m od ifica tion  is h o t p ressin g  w h ich  according to  G rader e t al. 
[134] gave d en se  (> 9 5 % ), or ien ted  and m ech an ically  g o o d  sam p les. T o  
avo id  m icrocracks th ey  p ro d u ced  tetragonal Y B C O  using an N 2 

atm osphere and la ter, using sm all 0 2 -a n n ea lin g  tim es, o x id iz ed  
(transform ed  to  orth orh om b ic) on ly  a sm all surface layer, w h ich  h ad  a Jc 
o f  3000 A /cm ^  app roxim ately .

U sin g  barium  p ero x id e  (B a 0 2 )  instead  o f  carbonate (B aC 0 3 ) has 
b e e n  also fou n d  to  im p rove  th e  superconducting p rop erties [135] 
(d iam agnetism ) and th e  h o m o g en e ity  [136] o f  th e bu lk  m aterial w h en  the  
con ven tion a l m eth od  o f  preparation  is used . T h e  advantage o f  using BaC>2 

o v er  BaCC>3 is th e faster  reaction  rate ach ieved , sin ce  th e  fo rm er  
d ecom p oses at a tem p eratu re less than 600 C  and th e  latter at 1400 C  
approxim ately.
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2.5.2. Wet chemical preparation methods

T h e  synthetic  p reparation  o f  p ow d ers fro m  so lu tion s can p rod u ce  
m aterials w h ich  fu lf il th e  req u irem en ts m en tion ed  at th e b eg in n in g  o f  the  
chapter: sm all/u n iform  p artic le  s iz e , eq u iaxed  shape, h igh  purity and 
h o m o g en e ity , w ith ou t agg lom erates.

A q u eo u s or organic so lu tion s o f  th e starting m aterials are fo rm ed , 
contain ing th e cations in  th e  correct ratios. T h e  w ater or oth er so lv en t is 
rem o v ed  so  that h o m o g en e ity  is m aintained. T h e  product is  a m ixtu re  o f  
salts w h ich  are ca lc in ed  fo r  d ecom p osition  so  that agg lom eration  is 
avo id ed  or m in im ized . S u b seq u en tly  it is ligh tly  b a ll -m il le d  to  break  any  
hard agg lom erates and fin a lly  p ressed  and fired  fo r  th e p rod uction  o f  th e  
ceram ic.

In m ost o f  th e  cases n itrate salts are u sed  sin ce  their preparation  is  
sim p le  and th ey  are so lu b le  in  w ater. A  so lu tion  o f  Y , B a and C u nitrates  
w as evap orated  to  dryness and the product w as f ired  first at 4 0 0 -5 0 0  C  
fo r  th e d ecom p osition  o f  n itrates and at 7 5 0 -8 0 0  C  fo r  th e  form ation  o f  
Y B C O . A fte r  sintering at 9 0 0 -9 5 0  C  [137,138] th e  m aterial w as rep o rted  
to  h ave v ery  g o o d  su p ercon d u ctin g  prop erties b ecau se  o f  th e lo w er  
tem p eratu re at w h ich  n itrates p ro d u ced  Y B C O , com p ared  to  th e B aC 0 3  

route.
F r e e z e -d r y in g  (ly o p h ilisa tio n ) has b ee n  u sed  su ccessfu lly  in  th e  past 

fo r  ceram ic fabrication  p rod u cin g  h o m o g en eo u s p ow d ers o f  h igh  su rface  
area and reactiv ity  [139,140]. T h e  p rin cip le  o f  th e  p rocess is  to  f r e e z e  a 
so lu tion  q u ick ly  so  that io n s are im m o b ilized  and rem o v e  th e  w ater  (or  
oth er so lv e n t) b y  sub lim ation . F or th e  Y B C O , a nitrate so lu tion  is fr o z e n  
b y  spraying it o n  liq u id  n itro gen . T h e  resu lting sm all fr o z e n  sp h eres are  
transferred  to  a vacuum  cham ber. Ice  is su b lim ed  and th e  n itrate sa lts are  
ca lc in ed  at 830 C  fo r  d eco m p o sitio n  and form ation  o f  th e  Y B C O  ph ase. 
A fte r  grinding, sintering is  carried out at 9 0 0 -9 3 0  C. P repared  m aterial 
[141,142] has b e e n  rep orted  to  b e  d en se  w ith  v ery  sharp resistiv ity  drop  
and large M eissner e ffe c t .

S p ray/m ist p yro lysis w as also u sed  and it seem s very  p rom ising  sin ce  
th e  product o f  this tech n iq u e  is Y B C O  p o w d er  co m p o sed  o f  spherica l 
particles o f  u n iform  s iz e  read y fo r  th e fin a l fir in g . In  th is m eth o d  a 
nitrate so lu tion  o f  th e  p o w d er  precursors is p assed  through  an aero so l 
gen erator to  form  fin e  d rop lets o f th e  so lu tion . T h ese  drop lets are then  
carried  through a furn ace w h ere  th e  so lven t evaporates and th e  precursor  
com p ou n d  d ecom p oses to  fo rm  p articles w h ich  are th en  c o llec te d  o n  a
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filter . If th e tem p eratu re o f  th e  fu rn ace is 1000 C and th e  average d w ell 
tim e o f  th e p o w d er  2 0 -1 0 0  secon d s, at least 99% o f  th e  p ow d er  reacts 
producing Y B C O . K odas e t  al. [143] p roduced  subm icron  p o w d er  o f  
Y B C O  ch em ica lly  h o m o g en eo u s w h ich  sin tered  to  d en se , f in e  grained  
ceram ics w ith  sharp transitions at 90 K.

C op recip itation  o f  ca tion  oxa lates has also g iv en  p ow d er  o f  Y B C O  
w ith  sm all particle  s iz e  [144]. A  nitrate so lu tion  w as added in  oxa lic  acid  
adjusting th e p H  b y  d ilu te  am m onia and a slurry w as fo rm ed  contain ing  
th e  oxa lates. A fte r  w ash in g , drying and grinding it w as fired  at 780  C. 
T h e  Y B C O  p h ase w as fo rm ed  and b ecau se  o f  the lo w  tem perature th ere  
w as n o  sintering. A s  a  resu lt th e  p ow d er w as v ery  f in e , 
n o n -a g g lo m e r a te d  and h o m o g en eo u s, th erefore  a  v ery  g o o d  starting  
m aterial fo r  sintering.

A n oth er  su ccessfu l m eth o d  fo r  th e  p roduction  o f  g o o d  quality  Y B C O  
is s o l - g e l  [145], w h ich  p ro d u ced  subm icron  p ow d ers ( < = 0 .2  fim) at 
tem peratures as lo w  as 750 C , sin terin g  in  bulk  m aterial w ith  sharp  
supercon d u ctin g  transition.

2.5 .3 . A ltern a tiv e  tech n iq u es

C ertain  a lternative m eth od s h ave  b e e n  rep orted  using tech n iq u es  
b orro w ed  fro m  m etallu rgy . Y u rek  e t al. [146] m ad e an a llo y  o f  
E u - B a - C u  and o x id iz ed  it at 8 0 0 -  900 C  in  an O 2  atm osp h ere p roducing  
a d en se  ceram ic w ith  g o o d  su p ercon d u ctin g  p roperties. A d d in g  g o ld  in  th e  
m elt, th e  fin a l product w as a m icro co m p o site  contain ing tw o  separate  
phases: th e  g o ld  and th e  supercon d u ctor. T h is m icro co m p o site  d isp layed  
z er o  resistiv ity  at 77 K  but it had b etter  m echanical p ro p erties than th e  
ceram ic. T h e  advantage o ffe r e d  b y  th ese  tech n iq u es is  that th e  orig inal 
a lloy  can b e  fo rm ed  easily  to  any shape b e fo r e  ox id ation , som eth in g  that 
is n o t p o ss ib le  fo r  a ceram ic.

M urr et al. [147] ap p lied  a sh o c k -c o m p r e ss io n  tech n iq u e for  
su p ercon d u ctor/m eta l com p osite  m on olith s. W ith th e  h e lp  o f  am m onium  
nitrate e x p lo s iv e s , Y B C O  p ow d er  w as en c lo sed  in  a cop p er or alum inium  
m atrix, g iv in g  a continuous su p ercon d u ctin g  path. In this form  th e m aterial 
can b e  m ach in ed , p ro cessed  and p ro tec ted  from  th e env iron m en t as w e ll.

A  v ery  popular tech n iq u e, e sp ec ia lly  fo r  w ire fabrication , is silver  
(A g )  addition  to  Y B C O . It has b e e n  sh ow n  that A g  has little  or n o  e ffe c t  
to  T c , w h ile  th e  room  tem p eratu re resistiv ity  d ecreases (p rob ab ly  d u e to  
b etter  co n n ectiv ity ). T h e  m ain  advantage, h o w ev er , is that th e  m echanical
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p rop erties are m uch b e tter  [148]. A g 2 0  has b een  also u sed  in  
p o w d e r - in - tu b e  tech n iq u es, acting as an o x y g en  donor as w e ll  as 
im p roving  th e fle x ib ility  o f  th e  w ires [149].

2 .5 .4 . M elt p rocessin g  fo r  tex tu red  Y B C O

D e sp ite  th e  variety  o f  tech n iq u es for  preparing sin g le  phase Y B C O  
w ith  sharp superconducting transitions, th e  resu lting random ly or ien ted  
p oly crysta llin e  m aterial has u su a lly  a  critical current in  th e  order o f  500  
A /c ir? .  In form ation  o n  th e  an isotrop ic  p rop erties o f  Y B C O  along w ith  the  
h igh  Jc ’s ob ta in ed  in  o r ie n te d / epitaxia l th in  film s su ggested  that in  order  
to  im p rove  th e  critical current in  b u lk  m aterials, p referred  orien tation  had  
to  b e  in duced .

T h e  ex istin g  fabrication  tech n iq u es fo r  p rod uction  o f  or ien ted  m ateria l 
w ith  im p roved  Jc ’s u sually  in v o lv e  heating ab ov e 985 C , so  that th ere  is 
liq u id  form ation  and fast grain grow th . S ev era l tech n iq u es, m ain ly  
b o rro w ed  fro m  th e f ie ld  o f  crystal grow in g , h ave  b e e n  em p lo y ed  [150] 
such  as z o n e  m eltin g , m e lt  q u en ch in g, laser m elt p rocessin g , or s lo w  
co o lin g  o f  th e  m elt th rough  th e  p er itectic  transform ation  tem perature.

O r ie n te d -g r a in  m aterials h ave Jc that in  so m e cases reach  7x10^ 
A leve?  [151], sign ifican tly  larger than fo r  random ly orien ted  on es. It is  also  
sign ificant that e v en  at h igh  f ie ld s  consid erab le  currents are su sta in ed , in  
th e  order o f  1 .5x 10^ A leve?  (H  n a - b  p lan e, 77 K , 1.25 T )  [152] or m o re, 
w h ile  w ith  random ly or ien ted  m aterial Jc drops to  less than 5 A le rr?  in  
sim ilar fie ld s .

F abrication  o f  tex tu red  bulk  ceram ics is th erefore  a p rom isin g  
approach, e v e n  th ou gh  furth er im p rovem en t fo r  critical current is  
n ecessary  fo r  practical app lications.
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2.6. Cation Substitution

T h e  Y B C O  phase w as d isco v ered  w h en  W u et al. [10] substitu ted  
su ccessfu lly  Y  fo r  L a in  th e  su p ercon d u ctive  com p ou n d  L a2 -x ® ax P u^ 4 - 5* 
F o llo w in g  this ex a m p le , research  groups tried  various cation  substitu tions, 
b oth  searching fo r  n e w  su p ercon d u ctive  m aterials w ith  h igher transition  
tem peratures and also studying th e  e ffe c t  o f  substitutions o n  
su perconductiv ity .

2.6.1. Y  Substitution

Y ttrium  substitution  w as th e  first to  b e  attem pted  b ecau se  o f  th e  
sim ilarity  o f  rare earth e lem en ts. L u  and Y b  w ere  in itia lly  se le c te d  
b ecau se  o f  their sm all or n o n -e x is te n t  m agnetic  m om en t sin ce  it w as w e ll  
k n o w n  that sm all am ounts o f  m agn etic  im purities depress su p ercon d u ctiv ity  
sign ifican tly  in  con ven tion a l superconductors. H o w ev er , H or et al. [36] 
d iscov ered  that L a, N d , S m , E u , G d , H o  and Er g iv e  h igh  tem p eratu re  
superconductors as w e ll as Y , L u and Y b . T h e  critical tem p eratu re in  
th ese  com p ou n ds w as fo u n d  to  b e  around 90 K , essen tia lly  th e  sam e as 
fo r  Y B a2Cu3<D7 _ 5. T h is resu lt ind icates that th e  m agn etic  ion s d o  not 
interact w ith  th e  con d u ction  e lectro n s but ion ic  radius and v a len ce  are  
m ore im portant, sin ce  C e , Pr and T b  w ith  a v a len ce  o f  4 +  did n ot fo rm  
su p ercon d u ctive com pounds.

A  m ore system atic stu d y b y  T arascon  et al. [153] p ro v id ed  accurate  
critical tem perature m easu rem en ts, c e l l  param eters and m agnetic  data fo r  
th e  Y -su b st itu te d  com p ou n ds. K istenm acher [154] stud ied  th ese  resu lts and  
rev ea led  that apart fro m  th e  e x p e c te d  relation  b e tw e e n  c e ll  param eters  
and io n ic  radius, critical tem p eratu re  w as a lso  fo u n d  to  b e  slig h tly  
d ep en d en t o n  ion ic  radius as sh ow n  in  figu re  2.24.

Substitution  o f  Y  w as a lso  a ttem p ted  w ith  a liova lent cations su ch  as 
C a and N a. In th e case o f  C a, su b stitu tion  o f  Y  o f  up to  20% has b e e n  
d ed u ced  fro m  neu tron  d iffraction  data [155], in  agreem en t w ith  other  
reports. In  th e case o f  N a , h o w e v e r , G reaves e t al. [155] su ggests that n o  
substitution  cou ld  b e  ach iev ed , e v e n  th ou gh  p rev iou s w ork ers [156,157] 
cla im ed  sin g le  phase m ateria l fo r  up to  5 0 -6 0 %  N a  fro m  X - r a y  
d iffraction  patterns. T h is co u ld  b e  exp la in ed  b y  th e  h igh  vo la tility  o f  N a  
(it  b o ils  at 883 C  [158]). If p rop er p recautions are n ot tak en , it is  p o ss ib le
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that o n ly  little  am ount o f  N a  rem ains in  th e sin tered  m aterial.
C om paring th e b eh aviou r o f  N a  and Ca in  Y  substitution  and the  

e ffe c t iv e  ion ic  radii after Shan n on  [159] g iv en  at tab le  2 .4 , it is c lear that 
form al v a len ce  is m uch m o re  im portant than th e  ion ic  radius, as far as 
partial substitu tion  is con cern ed .

T a b le  2.4
V a len ce  and e ffe c t iv e  io n ic  radii fo r  Y  and dop ing cations*

Ion V a len ce •Ionic radius (A )

Y 3 + 1.109
Ca 2 + 1.260
N a 1 + 1.180

C o o r d in a tio n  n u m b er =  8

Substitution  o f  Y  has thus p ro v id ed  th e  fo llo w in g  inform ation:
(a ) Ions w ith  m agnetic  m om en t d o  n o t d estroy  su perconductiv ity ,
(b )  T h e  v a len ce  o f  th e  cen tra l cation  is crucial fo r  th e  form a tion  o f  
Y B C O  phase and su p ercon d u ctiv ity ,
(c )  T h e  ion ic  radius o f  th e  R E  cation  sligh tly  in flu en ces T c and ce ll 
param eters.

2 .6 .2 . Substitution  o f  Ba

T h e  e lem en ts that h ave b e e n  u sed  in  order to  substitute B a are La, 
Sr and K.

B a can b e  substituted  b y  L a up to  20% at. [160] (Y B a i ^ L a Q ^ C ^ O y )  
but th e  T c drops b e lo w  80 K  fo r  10% at. substitution . T h e  e ffe c t  o n  ce ll 
param eters is  a d ecrease in  c e ll v o lu m e w ith  dop ing and a lso  the  
transform ation fro m  th e orthorh om b ic to  th e  tetragonal phase.

Substitution  o f  Ba b y  Sr h o w e v e r , is p o ssib le  up to  50% at. w ith ou t 
th e  p resen ce  o f  any seco n d  p h ase [161]. T h e  m aterial rem ains  
orthorhom bic and th e T c drops s lo w ly  as sh ow n  in  figu re  2.25. It is 
m en tio n ed  that e v e n  fo r  x = 1 .5  (75%  at. su bstitu tion) T c is q u ite  h igh  
(> 7 5  K ). W u et al. [162] h ave d iscov ered  supercon d u ctiv ity  in  the  
Y - S r - C u - O  system  (transitions at 80 and 40 K ), e v en  th ou gh  it is  not 
certain  that any o f  th e p h ases p rod u ced  is o f  th e  "123” structure.

Potassium  dop ing exp er im en ts b y  C hen  et al. [163] sh o w ed  that u p  to
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F igure 2.24: T h e  variation o f  T c w ith  ion ic  radius o f  the rare earth ca tion  
for th e  R .E .B a2Cu3 (> 7 _ 5 sy stem  [154].
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YBa2-xSr*Cu3°7-i
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F igure 2.25: C ritical tem perature versu s S r -d o p in g  fo r  Y Ba2_xSrxCu3 0 7_5 
[161].
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3.5% at. K  th ere  w as n o  sign ifican t change in  T c and m ore  im p ortan tly , 
th ere w as a ten d en cy  fo r  th e  stab ilization  o f  the orthorhom bic p h ase  at 
higher tem perature. T a llo n  e t al. [164] su gg ested  that substitution  o f  B a  by  
K w as p ossib le  up to  10% at. and that th e orthorhom bic p h ase w as 
stab ilized  at 80 d eg rees h igh er w h en  doping w as 10% at. K  
(Y B a it8K 0.2C u3O 7) ^ an fo r  th e  p u re m aterial. T h is fact has a great 
im portance sin ce  o x y g e n  annealing can b e  carried out at h igh er
tem perature and in  this w a y  annealing tim e can b e  also sh orten ed . 
M oreo ver , if  it is p o ss ib le  to  rem o v e  th e O - T  transition at tem p eratu res
h igh er than th o se  req u ired  fo r  th e  form ation  o f  Y B C O , th ere  w ill b e  n o
m icrocracking due to  th e  d iffer en c e  in  therm al exp an sion  c o e ff ic ie n t  o f  
th e  tetragonal and th e  orthorh om b ic phase. P otassium  dop in g has b e e n  
also  carried  out b y  F e ln er  and Barbara [165] and M oure et al. [166] w ith  
sim ilar ob servations as far as th e  o x y g e n  is con cerned . Sam ples w ith  up  to  
50% at. K  in  th e  p la ce  o f  B a , w e re  sh ow n  to  b e  sin g le  p h ase , 
orthorhom bic, w ith  T c d ropping to  4 0  K  at th e  h ighest K  con ten t [167]. In  
a p rev iou s paper [163] it w as su gg ested  that potassium  im p roved  
sin terab ility  and densification; h o w e v e r , it  w as c la im ed  later [166] that no  
d en sifica tion  enhancem en t occurs. It appears th ere  is con sid erab le
d isagreem ent in  th e  r o le  o f  potassiu m  and further w ork  is n e e d e d  to  
exam in e in  detail th e  e ffe c ts  o f  K -d o p in g .

T h e  a ttem p ted  su b stitu tion  o f  B a  has sh ow n  that it cannot b e  rep la ced  
en tire ly  as in  th e  case o f  Y  (in  th e  123 structure); h o w ev er , su ccessfu l 
partial substitu tion  d ep en d s m ain ly  o n  th e  va len ce  com b in ed  w ith  th e  io n ic  
radius o f  ions. A s  can b e  se e n  in  ta b le  2 .5 , Sr has a greater d iffer en c e  to  
B a in  io n ic  radius than K  b u t sin ce it has th e  sam e v a len ce  it is a ccep ted  
to  a m uch  larger exten t. L a  h o w e v e r  has an e v e n  b igger  d iffer en c e  in  
io n ic  radius and a d ifferen t v a len ce  as w e ll and in  this w a y  th e  e f fe c t  on  
T c and structure is exp la in ed .

T a b le  2.5
V a len ce  and ion ic  radii o f B a and dop ing cations*

Ion V a len ce •Io n ic  radius (A )

Ba 2 + 1.52
Sr 2 + 1.36
L a 3 + 1.27
K 1 + 1.59

C o o r d in a tio n  num ber =  10
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2.6 .3 . C u Substitution

Substitution  o f  C u is o f  great im portance sin ce th ere  are indications 
o f  a relation  b e tw e e n  C u - O  structure and su perconductiv ity . In figu re  
2.26 , su p erconducting transition  tem peratures as a fu n ction  o f  dopant 
concentration  are g iv en  [168] fo r  F e , C o , A l, G a ( 3 + ) ,  Z n , N i (2 + )  and 
structural in form ation  can b e  se e n  at tab le  2 .6 .

T a b le  2.6: E ffe c t  o f  C u su b stitu tion

E lem en t Subst. S tru ­ P referen ce M eth od R e f.
lim it x cture in  s ite
M xC u 3,- X occu p an cy

F e 0.8 T C u l M ossbauer spectr. 20,169
C o 1 T C u l N eu tron  d iffr. 20,170
A l 0 .3 T C u l T G A , X R D , crystall. 20
G a 0.3 T C u l X R D , crystall. 169
Z n 0.3 O C u2 N eu tron  diffr. 20,170
N i 0 .3 O C u2 T G A , X R D , crystall. 20,169
A g 3 ? C u l,C u 2 - 171,172

F or th e  trivalent dopants F e , C o , A l  and G a, a structural transition  
fro m  orthorhom bic to  th e  tetragon al structure occurs w ith  d op in g , w ith ou t, 
h o w ev er , loss o f  su p ercon d u ctiv ity . T h e  fact that th e  tetragon al, d o p ed  
m aterial is supercon d u ctin g  in d icates that supercon d u ctiv ity  is  not 
n ecessarily  con n ected  w ith  th e  C u - O  chains.

S ev era l studies ind icate p referen tia l occup an cy o f  th e  C u l site  (ch a in s)  
b y  th ese  ion s, w h ich  ten d  to  accum ulate o x y g en  ions around th em  
d isordering, th erefo re , th e C u - O  chains. T h is is con firm ed  b y  an in crease  
in  th e  total o x y g en  con ten t [20]. In contrast, th e  d ivalent Z n  and  N i 
p o ssib ly  occu p y  th e  C u2 s ite  and d o  not change th e o x y g en  con ten t, the  
m aterial rem ain ing orthorhom bic.

In con ven tion a l su p ercon d u ctors, atom s w ith  m agn etic  m om en t w e re  
fo u n d  to  "break” th e  supercon d u ctin g  e lectro n  pairs (C o o p er  p a irs), 
having a serious e ffe c t  o n  su p ercon d u ctiv ity . C om paring th e  b eh aviou r o f  
th e  m agnetic  atom s F e , C o , N i and th e  d iam agnetic atom s A l ,  G a, Z n , no  
ob v iou s trend  can b e  d ed u ced .
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F igu re 2.26: T h e  su p ercon d u ctive transition tem perature as a fu n ction  o f  
dopant concentration  x  fo r  Y B a2 ( C u |_ x M x )3 0 7 _  5 [168].
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2 .7 . E ffe c t  o f  W ater o n  Y B a ^ C u g O y -g

A  very  im portant p ro b lem  fo r  the application  o f  the Y B C O  
superconductors is th e  reaction  w ith  w ater. E v en  though  the  
B i-su p erco n d u cto r  d oes not exh ib it sim ilar sen sitiv ity , th e  su p ercon d u ctive  
p rop erties o f  Y B C O  are gradually  lo st w h en  it is im m ersed  in  w ater or 
ex p o sed  in  a hum id env iron m en t.

A fte r  tw en ty  m inutes in  w ater at a tem perature o f  85 C  
su p ercon d u ctiv ity  is lo st, accord ing to  D o m in ec  et al. [173], in  gen era l 
agreem en t w ith  data fro m  D e x in  et al. [174]. R esu lts o f  tests in  a  hum id  
atm osp h ere, m onitoring degradation  through room  tem perature resistiv ity , 
sh o w ed  sim ilar b ehaviour [175].

T h e  reactiv ity  o f  Y B C O  is m ain ly  due to  B a^+ and tw o  reaction s  
h ave b e e n  p ro p osed  [174,175]:

2Y Ba2C u30 7 + 3H 20  ------ > 5C uO  + 3B a(O H )2  + Y 2B a C u 0 5 + l / 2 0 2

and/or

2Y B a2C u30 7 + 7H 20  ------ > 6C uO  + 4B a(O H )2  + 2 Y (O H )3 + l / 2 0 2

R eaction  o f  Y B C O  w ith  w ater  m eans that in  any application  the  
e ffic ie n t p ro tection  o f  th e  m ateria l has to  b e  taken  in to  account and either  
dry atm osphere or an e ff ic ie n t  p ro tec tiv e  coating shou ld  b e  provid ed .

A n  attem pt b y  Barns e t  al. [175] to  p rotect Y B C O  using an e p o x y  
coating sh o w ed  that their p ro tec tio n  w o u ld  not last m ore than 40 days. A  
p assivation  tech n iq u e u sing  vacu u m  d ep osition  o f  C aF2 o n  the  
superconductor [176] has b e e n  su ccessfu lly  ap p lied  and a p lastic coatin g  
d ev e lo p ed  b y  Jin et al. [177] has a lso  p rov id ed  prom ising results.
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2.8. Conclusions

H igh  tem perature su p erconductors h ave attracted a con sid erab le  
num ber o f  researchers and a  p leth ora  o f  papers, o ften  overlap p in g , has 
b e e n  p u b lish ed  sin ce  th e  b eg in n in g  o f 1987. A  large am ount o f  
in form ation  o n  Y B C O , part o f  w h ich  w as p resen ted  h ere , sh ow s that it is 
an in terestin g  m aterial fro m  b o th  th e  sc ien tific  and th e tech n o log ica l poin t 
o f v iew .

T h is w ork  started  around th e  en d  o f 1987 and th erefo re  p ro gressed  
sim ultan eou sly  w ith  research  fro m  other groups around th e  w orld . T h e  
lim ited  k n o w led g e  availab le at th e  tim e , d ictated  an approach to  research  
that w o u ld  p erm it f le x ib ility  and continuous adjustm ent o f  th e w ork  
d irection  through  a variety  o f  subjects b ein g  pursued  in  parallel.

T h e  op tim ization  o f  th e  fabrication  o f  th e  m aterial is n ecessa ry  and 
h igh  quality  p ow d er preparation  rou tes m ust b e  d ev e lo p ed  in  ord er  to  
p ro v id e  an adequate starting m aterial. T h is p ow d er cou ld  b e  u sed  fo r  the  
m elt p rocessin g  tech n iq u e fo r  texturing o f  Y B C O  w h ich  at p resen t g ives  
th e  b est resu lts as far as Jc is  con cern ed , or any other tech n iq u e that m ay  
b e  d ev e lo p ed  for  th e  fabrication  o f  th e fin a l com ponents.

F rom  th e preparation  tech n iq u es, so lid  state reaction  is w id e ly  used  
and op tim ization  o f th e  starting m aterials using B aC 0 3 , BaC>2 or B a (O H )2  

as a B a precursor w as p erform ed . C hem ica l tech n iq u es w e r e  also  
exam in ed , (evap oration  o f  n itrates, fr e e z e -d r y in g , m ist p yro lysis) in  order  
to  p rod u ce h igh  quality  ceram ic p ow d ers.

A n oth er  p o ssib le  m eth o d  to  im p rove  th e  prop erties o f th e  m ateria l is 
b y  ch em ical dop ing. P otassium  d op in g  w as se le c te d  as th e  m ost prom ising  
sin ce  it cou ld  a ffec t the orthorh om b ic to  tetragonal ( O - T )  transition  and 
its e ffe c t  o n  th e  structure, m icrostructure and prop erties w as exam in ed  in  
th e  123 structure, using e ith er  E r, Y , G d  or N d  in  th e central rare earth  
io n  site  (R E B a2 _ x Kx Cu3C>7 _  5). T ech n iq u es such  as X - r a y  and n eu tron  
d iffraction  w e re  u tilized .

A s d escrib ed  in  th e  literature survey , o x y g e n  at sto ich iom etries near 
7 is essen tia l fo r  su p ercon d u ctiv ity  and sin ce  oxygen ation  w as sh ow n  to  b e  
s lo w , d eterm ination  o f  d iffu siv ity  is  very  im portant. T w o  e lectro ch em ica l 
tech n iq u es w e re , th ere fo re , d ev e lo p ed  as accurate, fast and re la tiv e ly  
cheap m eth od s to  obtain  o x y g e n  conductiv ity  and d iffu sion  co e ffic ie n t  
values. T h e  w ork  in v o lv ed  estab lish ing th e valid ity  o f  the tech n iq u es as 
w e ll  as m easurem ents o f  ceram ic superconductors.
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In th e  presen t th esis SI units are principally  em p lo y ed . H o w ev er , 
fo llo w in g  com m on  u sage, d eg rees C  (instead  o f  K ) w ere  u tilized  w h en  
referrin g  to  tem peratures around or h igher than room  tem perature and  
also cen tim etres w e re  u sed  as an operational co n v en tio n  in  cases su ch  as 
d iffu sion  co e ffic ie n t (cm ^ /sec ) or con d uctiv ity  (O hm ""lcm ” l ) .
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3. E X P E R IM E N T A L  P R O C E D U R E S

3.1. M aterials

T h e  m aterials u sed  fo r  th e  preparation  o f  Y B C O  sam ples w ere  Y 2O 3 

99.99% , G d2 0 3  99.999%  (A lfa  V en tro n  P rod u cts), N d 2 0 3  and E r2p 3 

99.9%  (R ea cto n ), B aC 0 3  T ech n . G r. (V en tro n ), B a 0 2  purum , p .a. 
(F lu k a ), C uO  ultrapure or 99.999%  (V en tron ) and K C 8O 4H 5 99.95%  
(A ld r ich ).

T h e  Y ttr ia -s ta b iliz e d  Z ircon ia  e lec tro ly te s  u sed  as b lock in g  e lectro d es  
in  th e  e lectro ch em ica l characterization  o f  o x y g en  con d uctiv ity , w e r e  
fab ricated  fro m  com m ercia l p o w d er  ( 8% Y ) - Z r 0 2  ("8Y SZ " or "Y SZ") 
fro m  T o sh o  ( T Z - 8Y ).

T h e  oth er e le c tro ly te  u sed  in  this study, B ii^ S m Q  25O 3 ("B iSm ”) w as 
fab ricated  fro m  B i2 0  3 99.9%  (A ld r ich ) and Sm 2 0 3  99.9%  (V en tron ).

F or th e  B i\ .7P b o .3SrC a2Cu2 0 x  ("BPSCCO ") com p ou n d  starting  
m aterials w e re  B i2C>3 as a b o v e , P b O  99.9%  (A ld r ich ), CaO  Lab. R eag . 
(B D H ), SrCC>3 L ab. R eag . (H op k in s & W illiam s L td ) and C uO  as ab ove.

T h e  A g  sam ple u sed  fo r  D C /im p ed a n ce  m easurem ents w as o f  99.95%  
purity.

3 .2 . S am p le  preparation

3.2.1. G rinding

W h en  th e  starting m aterials w e r e  p ow d ers o f  th e  o x id es / carbonates, 
v ery  g o o d  m ixin g  and grinding w as n ecessary  in  order to  red u ce  th e  
am ount o f  seco n d  phases after  sintering.

In m ost o f  th e  cases, grinding w as p erform ed  w ith  an agate m ortar  
and p estle  fo r  tim es ranging fro m  15 m in. to  1 hr. and 30 m in ., u sing  
either aceton e  or m o re  u su a lly  eth an ol to  assist th e m ix in g /grin d in g  
p rocess.

B all m illin g  w ith  ZrC>2 m edia w as a lso u sed , fo r  tim es b e tw e e n  12  

and 24 hours. A lc o h o l w as also added  in  th e p lastic container u sed  fo r
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m illin g . C ontam ination fro m  th e  container (organic m atter) w as d ete c te d  as 
in so lu b le  rem ains, after d isso lv in g  th e  m illed  p ow d er in  acid. A s  a resu lt, 
grinding b y  m ortar and p e s tle  w as p referred .

3.2 .2 . F irin g/an n ealin g

In order to  sinter th e  precu rsor p ow d ers, th ey  w ere  fired  at around  
950 C fo r  Y B C O , 850 C  fo r  B iS m  and B PSC C O  and 1500 C fo r  Y S Z . In  
so m e cases, h eating o f  th e sam p les w as fast, h o w ev er , a co n tro lled  rate  o f  
heating and co o lin g  p ro v id ed  th e  b est results. T yp ica lly , 5 or 10 
d eg rees/m in u te  w ere  u sed , e v e n  th ou gh  s lo w  co o lin g  ( 1 - 3  d e g ./m in .)  w as  
p referred  fo r  th e  o x y g en a tio n  o f  Y B C O  fo llo w e d  b y  an annealing step  o f  
1 2 -2 4  hrs. at 400 C. T h e  atm osp h ere  u sed  w as e ither air or oxygen .

F urnace calibration ex p er im en ts sh ow ed  constant tem perature ( + / -  3  
d e g .)  a lon g  th e  hot z o n e  area. C are w as tak en , so  that sam ples w e r e  
usually  put in  ex actly  th e  sam e p la ce  in  th e furnace. A  d ifferen ce  in  th e  
rea l tem p eratu re, as com p ared  to  th e o n e  ind icated  b y  th e fu rn ace  
con tro ller , w as tak en  in to  accou nt fo r  th e d ifferen t furn aces, using h igh er  
(ad justed) va lu es for  th e con tro ller .

3 .2 .3 . P o lish in g

P olish in g  w as n ecessary  fo r  m icrostructural studies (SE M , o p tica l)  or 
in  order to  ensure th e  b est contact b e tw e e n  th e  e lectro d es and th e  
m aterial under exam ination  in  th e  e lectro ch em ica l cells .

D iffer e n t grades o f B u e h le r -M e t  m etallographic grinding paper w e re  
u sed , starting fro m  P 600 (co a rse ) to  P1200 ( f in e ) . P olish in g  w as th en  
con tin u ed  at th e  d iam ond p o lish er  using 6 , 3 and 1 ^m paste. U su a lly  
p olish in g  w ith  6 and 3/un p aste  w as satisfactory.
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3.3. Characterization techniques

3.3.1. D en sity  m easurem ents

T h e  d en sity  (g /cm ? )  w as ca lcu lated  app lying th e form u la  p = m /V ,  
w h ere  m  is th e m ass o f  th e sam p le, w e ig h ted  w ith  an accuracy o f  ±0.0001 

gr and V  th e  v o lu m e w h ich  w as calcu lated  m easuring th e  d im ensions o f  
th e  sam p le w ith  a m icrom eter  (±0.001 m m ). A n  in itial estim ation  o f  
d en sity  w as carried  out m easuring th e  d im ensions o f  a s - f ir e d  p e lle ts . T h e  
average o f  fou r va lu es tak en  at a cross pattern w as u sed  for  radius, and
th e average o f  f iv e  va lu es (fo u r  at th e  ed g e , o n e  at th e cen tre) fo r  the
heigh t. T h is u sually  gav e  an u nderestim ation  o f  d en sity  fo r  the a s -s in te r e d  
sam ples. A  m uch  m ore accurate m easurem ent w as d on e w h en  rep eatin g  
th e  m easurem ents after p o lish in g . T h e  surface irregularities rem o v ed , th e  
calcu lated  density  in creased  b y  1 - 3  p ercen ta g e  units.

T h e  estim ation  o f  X -ra y  d en sity  (6 .39  g /cm ^ ) is based  o n  c e ll
param eters and sto ich iom etry  o f  th e id ea l orthorhom bic phase Y B a2C u 3 0 7 . 
S in ce  th ere  is a p ossib ility  o f  th e  m aterial b ein g  partially  ox y g en a ted , b oth  
th e  c e ll  param eters and th e  o x y g e n  sto ich iom etry  can b e  d ifferen t,
resu lting in  lo w er  va lu es fo r  X - r a y  density . T h is p ro b lem  is e x p e c te d  to  
b e  p resen t e sp ec ia lly  in  th e  d en se  ( > 88%) sam p les, w h ere  oxy g en a tio n  
can b e  s lo w . A s  a result d en sity  va lu es p resen ted  h ere  as a p ercen ta g e  o f  
X - r a y  density  are subject to  errors due to  th e  reason  p resen ted  a b o v e , 
th ere fo re , d en sity  in  g/cm ?  w ill  b e  also q u oted  w h ere  necessary.

3 .3 .2 . X - R a y  d iffraction

T h is tech n iq u e w as u sed  fo r  phase d eterm ination  and fo r  ce ll  
param eter m easurem ents and p ea k  in ten sities calcu lation . A  P h ilips PW1710 
d iffractom eter w as u sed  w ith  C u k q . ( or C o ^ a ) radiation. A s  ex p ec ted , 
C oK a radiation w as fo u n d  to  g iv e  m uch  b etter  resu lts (h igher p eak s and 
m u ch  lo w er  b ack grou n d ), bu t w as n ot available fo r  m ost o f  th e tim e  for  
this study. A  slit o f  o n e  d eg ree  w as u sed  w ith  a graphite crystal crystal 
m onochrom ator b e tw e e n  th e  sam p le  and th e  counter. T h e  d iffractom eter  
w as op erated  at 40k V  and 40m A . F or calcu lations, a w e ig h ted  average  
va lu e x(Cu]£a ) =  1.54178 A  w as tak en  w h en  using B ragg’s L aw  [178]:
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x =  2 d  sin  o (3.1)

w h ere  d is th e  atom ic spacing in A  and o is th e  angle b e tw e e n  the  
in cid en t X - r a y  b eam  and th e  norm al to  th e sam ple surface.

F or phase d eterm ination  con tin uous scanning at a sp eed  o f 1 d eg ./m in . 
w as ap p lied  and th e  output w as ob ta in ed  v ia  an in tegrated  chart record er. 
F or accurate peak  p osition  or in ten sity  m easurem ents, a step  scan m o d e  o f  
0.005  d eg  step  w ith  a 20 sec . sam pling tim e w as em p lo y ed . A  B i4 G e 3 0 j2  
(B G O ) sin g le  crystal (fo r  w h ich  th e  exact peak  position s w ere  k n o w n )  
w as p la ced  b es id e  th e sam p les to  serv e  as an internal standard. A  
m icrocom p u ter co n tro lled  th e  d iffractom eter and stored  th e  data on  
m agn etic  m ed ia  (flo p p y  d isk ). T h e se  w ere  transferred to  th e  m ain  fram e  
and p ro cessed  th ere  or in  another m icrocom puter as sh ow n  in  fig u re  3.1. 
T h e  program s u sed  in  ord er to  con tro l the d iffractom eter through  th e  
m icrocom p u ter , store  th e  data, d eterm in e th e peak  p osition  (least square  
fittin g  to  a seco n d  order eq u a tion ) and calcu late the c e ll  param eters, had  
b e e n  form u lated  b y  D r. X . T urrillas.

3 .3 .3 . N eu tron  D iffra ctio n

T h e  n eu tron  d iffraction  fac ilities  at th e R utherford  A p p le to n  
L aboratory w ere  u sed  in  order to  obtain  h igh  tem perature in—situ 
in form ation  o n  th e  structure o f  th e  bu lk  o f  th e m aterial. T h e  P O L A R IS  
instrum ent w as u sed , u tiliz in g  n eutrons fro m  th e p u lsed  neu tron  so u rce  
ISIS [179]. T h e  d iffractom eter, in stead  o f  m easuring Bragg re flec tio n s by  
scanning a d etector  through  a range o f  an gles, uses th e p u lsed  w h ite  b eam  
nature o f  ISIS to  m easure r e flec tio n s  at f ix e d  scattering an gles, m on itorin g  
th e tim e o f  arrival o f  th e  n eu tron  a fter  th e initial n eutron  burst p ro d u ced  
fro m  th e target [180]. T h is is  ca lled  th e  t im e - o f - f l ig h t  m eth od . T h e  
d -sp a c in g  is  proportiona l to  th e  tim e o f  flig h t ( t - o - f ) ,  as can b e  sh ow n  
b y  com b in in g  B ragg’s L aw  (eq .3 .1 ) w ith  d e  B ro g lie ’s relationship  (eq .3 .2 ):

x =  h / p n  =  h /  m n vn  (3 .2 )

w h ere  p n , m n and v n  are th e  m om en tu m , m ass and v e lo c ity  o f  the  
neutrons resp ec tiv e ly  and h  is  P la n ck ’s constant. T h erefore:

h  /  m n v n  =  2  d  sin  e (3 .3 )
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PHILIPS PW 1710

f ig u r e  3.1: Schem atic diagram  fo r  X - r a y  d iffraction  data co llec tio n  and  
analysis equ ipm ent.
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Substituting vn b y  th e ratio L /t, w h ere  L  is the total flightpath  o f  the  
neutrons and t th e tota l tim e fro m  th e  "source" to  the sam ple and th en  to  
th e  d etecto r , and rearranging eq . 3 .3 ,

t =  2  d L  (m n  /  h ) sin  o (3 .4 )

T h er e fo r e , th e d -s p a c in g  can b e  fou n d  fro m  th e t - o - f ,  w h en  the  
p o sitio n  o f  th e  d etector  is d e fin ed  (L ,o )  in  space.

In fa ct, in  th e  exp er im en ta l arrangem ent (se e  figu re  3 .2 ), th ere are 27 
d etectors arranged in  3 banks around th e sam ple and th e m in i-c o m p u te r  
con tro llin g  th e exp erim en ts c o llec ts  and p rocesses data from  all the  
d etectors.

T h e  p ro file s  ob ta in ed  w e r e  fitte d  w ith  a R ie tv e ld  refin em en t m eth od , 
w h ere  list squares fittin g  w as ap p lied  to  th e  entire p ro file , w ith ou t  
in term ediate  extraction  o f  structure factors or in tegrated  in tensities.

3 .3 .4 . Scanning E lectro n  M icroscop y

T h e  equ ipm en t u sed  fo r  S E M  in clu d ed  th e  JE O L  T - 2 0 0 ,  JE O L  
T 2 2 0 A  and JE O L  JSM 35 C F  m icroscop es eq u ip p ed  w ith  backscattering  
d etectors. E D A X  (E n erg y  D isp ersiv e  A n alysis o f  X -R a y s )  is availab le fo r  
th e  T - 2 0 0  fo r  qualita tive analysis and fo r  th e JSM 35 w h ere  
sem i-q u a n tita tiv e  in form ation , e lem en t m aps and poin t analysis can  b e  
p erform ed .

3 .3 .5 . P article  S iz e  M easurem ents

T h e  M alvern  L aser P artic le  S izer  3600D  w as u sed  in  order to  
m easure particles o f  1 -1 0 0  /mi. T h e  p ow d er  w as u ltrasonically  d isp ersed  in  
eth an ol or aceton e  during th e  m easurem ents. Sm aller particles cou ld  on ly  
b e  m easu red  accurately  b y  SE M .

3 .3 .6 . A to m ic  A b sorp tion

In  order to  exam in e th e  p otassium  con ten t o f  th e  K -d o p e d  sam p les, 
ch em ica l analysis w as p erform ed  w ith  a P erk in  E lm er 2380 A to m ic  
A b sorp tion  S p ectrop h otom eter , at a w a v elen g th  o f  766.5 nm  using an
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F igure 3.2: T h e  P O L A R IS  n eu tron  d iffraction  experim ental arrangem ent at 
R utherford  A p p le to n  L aboratory.

3 ~3: 0 )  L inear 4 -p o in t  and (b )  van der P auw  arrangem ents for  
resistiv ity  m easurem ents.
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a ir -a c e ty le n e  flam e. Standards w ere  fabricated  and th e sam ples w ere  
d isso lv ed  in  1:1 w ater so lu tion  o f  H N O 3 and d iluted  to  reach  th e requ ired  
approxim ate concentration . C sC l w as u sed  in  th e  exam ined  so lu tion  for  
io n iza tion  control.

3 .3 .7 . T herm al A n alysis

T h erm ogravim etric  and d ifferen tia l therm al analysis w e re  p erfo rm ed  at 
a S ta n to n -R e d cr o ft  sim ultan eou s therm al analyzer S T A -7 8 0 , co n tro lled  by  
a C om m od ore C B M  4032 m icrocom p u ter . T h e  sam ple (~ 2 0 m g )  w as p la ced  
in  an alum ina cru cib le  and com p ared  w ith  another crucib le  contain ing  
alum ina standard, under co n tro lled  atm osphere (air, N 2 or form in g  gas: 
90% N 2~10% H 2). H eatin g  rates o f  5 - 1 0  d eg /m in  w ere  used .

3 .3 .8 . F o u r -p o in t  resistiv ity /S u p ercon d u ctiv ity

D C  resistiv ity  w as m easu red  e ith er  using a linear 4 - p o in t  arrangem ent 
in  bar sh aped  sam ples or a  van  der P auw  arrangem ent for  cylindrical 
p e lle ts . P ainted  silver  w as u sed  fo r  contacts. In  order to  red u ce  the  
contact resistance th e  sam ple w as an n ealed  fo r  1 hr at 500 C in  O 2 , after  
th e  A g  contacts w e r e  b e in g  p a in ted  on.

F or th e  m easu rem en t, th e  w h o le  arrangem ent w as c o o le d  either under  
vacuum  or in  H e  gas, so  that n o  vapour con d en sed  o n  th e  sam ple. V a lu es  
o f  resistiv ity  o f  th e  sam ple and th e  resistor u sed  fo r  tem perature con tro l 
w e r e  c o lle c te d  w ith  a m icrocom p u ter.

A . L inear contact arrangem ent.
A s  sh ow n  in  fig u re  3 .3a, fo u r  contacts are m ade, th e current contacts  

(A ,D )  are m ade at th e  bar ed g es  and th e  v o lta g e  contacts (B ,C ) in  
b e tw e e n  at a d istance L  (c m ). If th e  cross sectio n  o f  th e  bar is A  in  
cm^, resistiv ity  (O h m  cm ) is:

A  V b c  a
p =  R ----  =  ------ —

L  I L
(3 .5 )

B . V an  der P auw  contact arrangem ent.
A ssu m in g a u n iform , fla t sam p le o f  constant th ickness d  and four
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p oin t contacts at the e d g e s , (A , B , C  and D  in figu re  3 .3 b ), the  
resistiv ity  can b e  d eterm in ed  b y  m easuring the resistance R a d > passing  
current through B and C  and the resistance Rp)C> passing current through  
th e  A  and B contacts.

T h e  fo llo w in g  rela tion  ex ists  b e tw e en  R a d  an<l  R d C [181]: 

ex p (-7 r  d  R a d  /  p )  + exp(~7r d  R d c  /  p )  =  1 (3 .6 )

w h ere  p is th e resistiv ity , g iv in g  th e solution:

* d  (R a d  +  r d c ) ,  r a d s
p = ------------------------ f ( --------)ln2 2 Rd c

(3 .7 )

w h ere  f ( R A D ^ D C ) ^ = l> w ith  f ( l ) = l .

O ther tech n iq u es su ch  as A C  su scep tib ility , and m agn etization  w e re  
u sed . A C  su scep tib ility  w as m easu red  using a Partshorne typ e  m utual 
inductance b rid ge, w h ile  m a gn etiza tion  w as m easured  w ith  a vibrating  
sam p le m agn etom eter. T h e se  m easurem ents to o k  p lace  in  th e  D e p t, o f  
P h ysics and so m e o f  th em  w e r e  con d u cted  w ith  th e h elp  o f  R . M eise ls  
and S. B ungre.

3 .3 .9 . D C  P olarization

In th is e lectro ch em ica l tech n iq u e  a m ix ed  conductor sam p le is p la ced  
in  b e tw e e n  tw o  e lectr ica lly  b lo ck in g , ion ica lly  conducting e lec tro d es, such  
as Y S Z  or B ii 75S1110 25O 3 (B iS m ). T h e  b lock in g  e lectro d es w ere  co a ted  
w ith  e ither sputtered  or p a in ted  p latinum  (P t) on  th e o n e  sid e. T w o  Pt 
disc sh ap ed  fo ils , tou ch ing  th e  P t -c o a te d  e lectro d es serv e  as contacts. 
T h is e lectro ch em ica l c e l l  (fig u re  3 .4 ) w as also u sed  fo r  im p ed an ce  
sp ectroscop y .

T h e  exp erim en ta l arrangem ent is  sh ow n  in  fig u re  3 .5 . T h e  
e lectro ch em ica l c e ll  is in  a  fu rn ace w ith  con tro lled  atm osphere (O 2 ) and  
it is  con n ected  w ith  a constant current source and a d igita l vo ltm eter . 
C onstant current o f  th e  ord er o f  0 .1 -1  m A  w as u sed  and th e  vo lta g e  w as  
m easu red  versus tim e until it  w as stab ilized .

P rov id ed  that th e o x y g e n  con d uctiv ity  (a)  o f  the b lock in g  e lec tro ly te s  
is considerably  larger than that o f  th e  m ixed  conductors, a (O h m  “  1cm  “ 1) 
can b e  calcu lated  from  O h m ’s la w  and th e d efin ition  o f  resistance:
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EiKure 3.4: T h e  e lectro ch em ica l c e ll  u sed  in  im p ed an ce sp ectroscop y  / D C  
p olarization  exp erim en ts.

r

F igure 3.5: D C  p o larization  exp er im en ta l apparatus.
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a
I Q

(3 .8 )
V  A

w h ere  I is th e am plitude o f  th e  current ( A ) .  V  th e equ ilibrium  v o lta g e  
(V o lts ) , Q (cm ) th e  th ick n ess o f  th e  m ix ed  conductor and A  (cm ^ ) the  
contact su rface o f  m ix ed  con d u ctor /b lock in g  e lectro d e . T h e  cond itions  
under w h ich  this rela tion  can  b e  u sed , as w e ll as th e various p rob lem s  
that m ay arise, are d escr ib ed  in  th e  appropriate results and d iscussion  
chapter.

3.3.10. Im pedance S p ectro sco p y

T h is is a w e ll k n o w n  tech n iq u e  fo r  th e  determ ination  o f  con d uctiv ity  
o f  so lid  e lec tro ly te s  such  as z ircon ia . F or this system , th e typ ica l 
arrangem ent is that sh o w n  in  fig u re  3 .6a  w h ere  a  Y S Z  p e lle t , b o th  sides  
co v ered  w ith  P t, is u sed .

If a p erio d ic  v o lta g e  V * , w ith  an angular freq u en cy  o  is a p p lied  to  
such  a system ,

V * =  V m  exp(jw t) (3 .9 )

th en  th e  gen erated  current w ill , in  g en era l, b e  o f  d ifferen t phase:

f* =  Im  exp Q u t+ jp ) (3 .10)

T h e  resu ltin g  im p ed an ce (or  " com p lex  im p ed an ce"), Z *, th e  ratio  o f  
th e  p o ten tia l d iffer en c e  to  th e  current f lo w in g  th rough  th e  sy stem , 
b ecom es:

Z* =  V * /  I* =  V m  /  Im  e x p ( - j ^ )  =  ,Z ,  e x p ( - j »  (3.11)

T h e  im p ed an ce, th erefo re  can  b e  ex p ressed  as:

Z* =  |Z |  cos^  -  j |Z |  si%? =  Z"  -  j Z "  (3.12)

w h ere  Z"and Z "  are th e  rea l and th e im aginary parts o f  th e im pedance  
[182,183].

R esu lts are u sually  rep resen ted  in  term s o f  th e  im aginary versus th e
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Figure 3.6: T yp ica l ap p lication  o f  im pedance spectroscopy: (a ) T h e  cell 
P t/Y S Z /P t, (b )  T yp ica l resu lts and ( c )  E quivalent circuit.
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real part o f  the im p ed an ce Z  for  ea ch  o f  th e exam in ed  freq u en cies at th e  
particular tem perature.

It can b e  sh ow n  [184] that a parallel R - C  circuit results in  a 
s e m i-c ir c le  in  th e  Z f  -  7J"  p lane. T h is w ay, typ ical results w hich  are in  
th e  form  o f  sem ic irc les , su ch  as in  figu re  3.6b can b e  m o d e lled  using  
e lectrica l circuit equ ivalen ts ( f ig .3 .6 c ) . In th e particular, sim p le case  o f  
zircon ia , th e first sem ic ircle  is attributed  to  the conductiv ity  o f  th e  bulk  
o f  th e m aterial, th e  seco n d  to  th e  grain boundaries and th e  third to  th e  
Pt(C>2 ) /Y S Z  in terface  (d o u b le  layer or e lectro d e  e ffe c t) .

F rom  th e freq u en cy  f  (H z )  o f  th e  m axim um  o f each  sem icircle  and  
th e  resistance R  (O h m s) (th e  radius o f  th e sem ic irc le ), th e  capacitance C  
(F )  can b e  ca lcu lated  using th e  relation:

u C R  =  2 i f C R  =  l  (3.13)

and fro m  th e  capacitance, th e  re la tiv e  perm ittiv ity  or d ie lectr ic  constant c 
can b e  fou n d  through:

e e0 A
C  =  -------------

d
(3.14)

w h ere  e0 is th e  perm ittiv ity  o f  fre e  space.
D iffer e n t p ro cesses in  so lid  e lectro ly tes , usually  h ave d ifferen t  

capacitances and th erefo re  th e  sem ic irc les are c learly  separated  and can  b e  
id en tified . In  th e  case o f  p ro cesses  w ith  sim ilar capacitances, sem icircles  
overlap  and so m etim es create  d ep ressed  sem icircles (w ith  their cen tre  
b e lo w  th e Z ^ -a x is ) .

T h e  advantage o f  im p ed an ce sp ectroscop y  is, th ere fo re , that it  can  
distinguish  b e tw e e n  th e  d ifferen t contributions to  th e c e ll  conductiv ity . 
Im pedance sp ectroscop y  is e x ten s iv e ly  co v ered  in  a b o o k  ed ited  b y  J.R. 
M acD on ald  [185], w h ere  further in form ation  can b e  found.

T h e  apparatus is  sh ow n  in  fig u re  3 .7 . T h e  furnace and an H P 4192 A  
L F  F req u en cy  R esp o n se  A n a ly ser  w e r e  con tro lled  b y  a H ew le tt-P a ck a r d  
m icrocom puter. T h e  A C  signal had  an am plitude o f  20 -1 1 0  m V  and a 
freq u en cy  w h ich  varied  fro m  5 H z  to  13 M H z. T h e  im p ed an ce  
m easurem ents w e re  con d u cted  in  o x y g e n , over  a tem perature range o f  
3 8 0 -8 5 0  C. O n e hour eq u ilib riu m  tim e w as u sed  b efo re  each  
m easu rem en t, a fter th e  fu rn ace a ch iev ed  th e requ ired  tem perature.
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F igu re 3.7: E xp erim en ta l arrangem ent for  im p ed an ce sp ectroscop y  
m easurem ents.
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4. P R E P A R A T IO N  A N D  C H A R A C T E R IZ A T IO N  O F  Y B C O

4.1. P h ase Id en tifica tio n

T h e  characterization  o f  th e  p repared  sam ples w as in itia lly  carried out 
b y  X - r a y  d iffraction  in  ord er to  exam in e th e phase purity and T c w as 
m easured  to  con firm  their quality .

T h e  m ain  phases o f  th e  1 / 2Y 2 0 3 - B a 0 - C u 0  pseudoternary diagram  
h ave b e e n  id en tified  b y  th e  d iffra ctio n  pattern. In figu re  4.1 a ,b  and c  th e  
patterns fo r  th e  123 (Y B a2Cu3 0 7 _ 5) , 211 (Y 2B aC u0 5 ) and 132
(Y B a3Cu2 0 x ) phases r e sp ec tiv e ly  can b e  se e n , in  agreem ent w ith  
literature reports [67,68,186].

A  sm all quantity o f  132 is  u su ally  presen t in  typ ica l Y B C O  sam p les. 
In th e  case  o f  firing at h igh er or m uch  lo w er  tem peratures than  
n ecessary , 211 and B a C u 0 2  appear. C uO  has a lso o ften  b ee n  d ete c te d  as 
an im purity in  Y B C O .

4 .2 . S o lid  S tate  R ea ctio n

T h e  con ven tio n a l p reparation  tech n iq u e o f  m ixin g  and fir in g  the  
starting m aterials is a co n v en ien t m eth od  that can b e  easily  ap p lied . T h e  
quality o f  th e  ob ta in ed  m ateria l, h o w ev er , can vary sign ifican tly  and  
op tim ization  o f  th e  m eth od  w as n ecessary . T h e  starting m aterials is o n e  o f  
th e  param eters that can h a v e  an  e ffe c t  o n  th e fin a l p rop erties o f  the  
superconductor. M ost p ro b lem s in  Y B C O  are co n n ected  w ith  B a, w h ich  
tends to  react w ith  C O 2  or H 2O  and th erefo re  th e  e ffe c t  o f  the  
B a -p r e cu r so r s  B aC 0 3 , B a 0 2  and B a (O H )2  o n  th e  fin a l m ateria l w as 
studied .

In order to  h ave an h o m o g en eo u s m ixture th e  starting o x id e s /  
carbonates w e re  m ixed  and th oro u g h ly  ground fo r  th e  preparation  o f  
Y B C O .

A n  in itial step  o f  firing at 5 0 0 -6 0 0  C  w as u sed  w h en  B a 0 2  w as u sed  
as starting m aterial. A fte r  th e  d ecom p osition  th e m aterial w as ground  and 
p ressed , fo llo w e d  b y  firing at 9 0 0 -9 5 0  C  in  order to  form  the 123 phase. 
T h e  resu ltin g  m aterial w as grou n d  e ith er  b y  m ortar and p estle  or b y  ball 
m illin g , p ressed  in to  p e lle ts  o f  13 m m  diam eter w ith  a pressure o f  75
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F igure 4.1: X - r a y  d iffraction  patterns o f  th e  m ain phases in  the  
pseudoternary diagram  YO^ 5 - B a O - C u O  (C u ^ a  radiation).
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M Pa and fired  at 9 0 0 -9 8 0  C  fo r  sintering and densification . P hase  
characterization  b y  X R D  and  m icrostructural exam ination b y  SE M  w ere  
p erfo rm ed  as w e ll as critical tem p eratu re m easurem ents.

4.2.1. B aC 0 3  rou te

T h e  form ation  o f  Y B C O  fro m  B aC 0 3  has b e e n  rep orted  to  occu r at 
tem peratures b e tw e e n  900 and  980 C , usually  at 950 C. A  n u m ber o f  
grin d in g /fir in g  cy c les  is req u ired  to  obtain  sin g le  phase m aterial.

A fte r  fir in g  th e  o x id e /ca rb o n a te  m ixture at 950 C , fu ll d eco m p o sitio n  
occu rs, as in d icated  b y  w e ig h t lo ss m easurem ents and also th e com p on en ts  
react to  fo rm  th e "123" p h ase  (Y B C O ). T h is w as con firm ed  b y  X - r a y  
d iffraction  as sh ow n  in  f ig u r e  4 .2  w h ere  th e d iffraction  pattern o f  u n fired  
m aterial is com p ared  to  th e  p attern  o f  Y B C O  after firing at 950 C.

E v en  th ou gh  th e  m ateria l after  this first firing is sin g le  p h ase , the  
d en sity  a ch iev ed  is u su ally  6 0 -7 0 %  o f  th e X - r a y  density . T h is lo w  d en sity  
is p rob ab ly  due to  th e  fact that during th e form ation  o f  Y B C O , m o re  
than 10% o f  th e  m ass o f  th e  sam p le is lost as C O 2. T h is rep resen ts a 
con sid erab le  v o lu m e and as a  resu lt large p orosity  rem ains sin ce sin terin g  
cannot tak e p la ce  e ffe c t iv e ly .

T h e  d en sity  o f  th e  sam p les in  th e  case o f  a d irect short fir in g  and  in  
th e  case o f  tw o  fir in gs w ith  in term ediate  grinding is p resen ted  in  ta b le
4.1. F rom  this tab le  it can b e  o b serv ed  that m aterial fired  fo r  a se c o n d  
tim e had a d en sity  o f  86% w h ich  w as raised  further to  92% using  ball 
m illin g  fo r  s iz e  red u ction  o f  th e  p o w d er  particles. T h e  e ffe c t  o f  sin terin g  
tim e is a lso  im portant sin ce  7.5 h  gave lo w er  density  (81%) than 15 h  
(8 6 -9 2 % ) (ta b le  4.1).

F iring fo r  a seco n d  tim e , also im p roved  sign ifican tly  the  
su p erconducting p rop erties o f  th e m aterial. L o w  tem perature resistiv ity  
data p resen ted  in  figu re  4 .3 , sh o w  that T c is less than 70 K  fo r  a d irectly  
fir ed  sam p le and 88 K  fo r  a regrou n d  and refired  sam ple. A  p o ss ib le  
exp lan ation  fo r  th e  lo w  T c in  th e  first m aterial, is p oor con n ectiv ity  o f  
th e  grains as a result o f  th e  lo w  d ensity .

T yp ica l grains are e lo n g a ted  w ith  a lon g  axis o f  10 /un and a short 
o n e  o f  about 2 - 3  /im  as can  b e  se e n  from  figu re  4 .4 , w h ere  th e su rface  
m o rp h o logy  o f  a 92% d en se  p e lle t  is show n. T h ere  is a n etw ork  o f  
cracks, part o f  w h ich  is sh o w n  in  th e m icrograph, due to  th e therm al 
p rocessin g  and anisotropic p rop erties o f  th e m aterial.

E D A X  analysis w as carried  out at severa l poin ts in  th e sam e and
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F igure 4.2: X - r a y  d iffractogram s fo r  the unfired  Y 2O 3 , BaC>2, CuO  
m ixture, com p ared  to  th e  f ir e d  m ateria l (Y B C O ) (Cuj^a radiation).
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F igure 4.3: T h e  su p ercon d u ctive  transition fo r  sam ples prepared  fro m  
BaCC>3 , after a  first and a se c o n d  firing at 950 C.
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d ifferen t sam ples and th e  ratio o f Y :Ba:Cu peaks w as fou n d  to  b e  stab le , 
indicating that th e sto ich io m etry  o f  th e  com p on en ts o f  the superconductor  
is f ix e d  (1:2:3). A  typ ica l graph is sh o w n  in  figu re  4 .5 . Sm all am ounts o f  
im purities such  as C uO , BaCuC>2 and in  o n e  case an Y  and B a -r ic h  phase  
w e re  also  d etected  as iso la ted  grains, in  agreem en t w ith  X - r a y  d iffraction , 
w h ere  a v ery  sm all p eak  o f  C uO  and b arely  d istinguishable peaks for  
B a C u 0 2  w e re  id en tified , in  a d iffraction  pattern w h ich  w o u ld  b e  
characterized  as "single" p h ase  according to  th e literature o f  H T S.

T a b le  4.1
S am p le d en sity  d ep en d en ce  fro m  preparation  p rocess

S tep  1 S tep  2 D en sity  (% X - r a y )
T em p .(C ) T im e (h )  T e m p .(C ) T im e (h )

950 4 69
950 5 58
950 5 58
920 12 52
950 12 950 15 86*
950 12 950 15 92
950 12 950 14 88
950 12 950 7.5 81

*grinding b y  m ortar and p e s tle , th e  rest b y b all m illin g

4 .2 .2 . B a 0 2  rou te

In  th e  case o f  preparation  fr o m  B a 0 2 , an in itial fir in g  step  at 600 C  
is n ecessary  to  d eco m p o se  it. A fte r  that it is ground and fired  at 950 C  
fo r  th e  form ation  o f  Y B C O  p h ase and th en  reground , p ressed  and fired  
fo r  sintering sin ce  this w as fo u n d  to  b e  th e th e  op tim um  proced u re.

T h e  p o w d er  u sed  fo r  th e  fin a l sintering stage, ground b y  m ortar and  
p e stle , is sh ow n  in  fig u re  4 .6 . T h e  particles have irregular, angular shape  
and a s iz e  that vary sign ifican tly . T h e  p article  s iz e  d istribution  in  figu re
4.7  ob ta in ed  b y  a laser p article  s iz e  analyser, show s that 90% w t. o f  th e  
m aterial has s iz e  b e tw e e n  2  and 10 ^m.

T h e  resu ltin g  d en sity  after sin tering such p ow d er is  88% , com p ared  to
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F igu re 4.4: T yp ica l surface m o rp h o lo g y  o f  a 92% d en se sam ple p re p a re d  
th rough  so lid  state reaction  fro m  BaCC>3 . B ar=  10 /un.

F ig u re  4.5: T yp ica l E D  A X  (E n erg y  D isp ersiv e  A nalysis o f X -r a y s )  trace  
fo r  Y B a2Cu3 <>7_ 5.
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F ig u re  4.6: M o rp h o lo g y  o f Y B C O  p o w d e r  a f te r  m o rta r  an d  p estle  g rin d in g  
(so lid  s ta te  re a c tio n , BaC>2 as a B a - p r e c u r s o r ) .  B a r=  1 /un.

— ---------1------------ 1------------1----------- 1-----------
0  5 10 15 2 0  25

Partic le  Size (m icrons)

F ig u re  4.7: P a r tic le  s ize  d is tr ib u tio n  fo r  th e  p o w d e r  sh o w n  in f ig u re  4.6.
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86% that th e  BaCC>3 rou te g a v e  under th e sam e conditions. B all m illin g  
w ith  ZrC>2 m ed ia  in  eth an o l resu lted  in  contam ination fro m  the  
p o ly p ro p y len e  conta iner (3%  o f  th e  total w eigh t as p roved  from  the  
w eigh t lo ss)  and the m aterial fabricated  this w ay w as o f  p oor quality.

T h e  m aterial p rod uced  fro m  BaC>2 , w as *n  gen era l o f  h igher quality  
than that fro m  th e BaCC>3 rou te . In figu re  4 .8  th e su p ercon d u ctive  
behaviour o f  sam ples after a first and a seco n d  fir in g  is p resen ted . 
C om paring this w ith  figu re  4 .3 , a sign ificant im p rovem en t o f  th e m aterial 
after th e  first firing can b e  ob serv ed  and also a m inor im p rovem en t on  
zero  resistiv ity  (T c^ = ^) w h ich  is 89 K  fo r  th e  BaC>2 route sam p le  
com pared  to  88 K  for  th e  BaCC>3 o n e . A  m ore im portant im p rovem en t is 
that o f  th e  norm al state resistiv ity  w h ich  b ecam e 0 .3  m O hm  cm  (at 100 
K ), com p ared  to  1.2 m O hm  cm  in  fig u re  4 .3 .

T h e  88% d en se  m ateria l that w as p rod uced  had very  fe w  cracks 
u n lik e  th e  BaCC>3 rou te  sa m p les, as characterized  b y  SEM . X R D  sh o w ed  
BaCuC>2 p eak s o f  sim ilar h eigh t to  th e on e  rep orted  in  4.2.1 (just ab ove  
th e back groun d ) but n o  trace o f  C uO .

A s a resu lt, u sing BaC>2 in stead  o f  BaCC>3 , seem s to  o ffer  advantages 
in  so lid  state con ven tion a l preparation  as w as a lso con firm ed  in  the  
literature [135,136] later on.

4 .2 .3 . B a (O H )2  rou te

B a (O H )2 w as also u sed  as an alternative precursor. T h e  m ain p ro b lem  
in  this case w as th e  fact that it is very  h ygroscop ic  and reacts to  form  
BaCC>3 . T h e  starting m aterials w ere  b a ll m illed  and d ifferen t batches w ere  
fired  at 850 ,900  and 950 C. E xam ination  o f  th e  sam ples b y  X - r a y  
diffraction  sh o w ed  that m ultiphase m aterial resu lted  in  all cases. T h e  m ain  
phase w as 123 but th ere  w as a lso  a  considerable am ount o f  211 and som e  
C uO . R egrind ing and refir in g  o f  th e  ab ove sam ples at 950 C d id  not 
im p rove their purity and m ost o f  th e tim es resu lted  in  partial m eltin g . 
T h e  m o rp h o logy  o f  th e  sam ples w as d ifferen t than usual. In figu re  4.9a  
p la t e - l ik e  crystals o f  C uO  (d e tec ted  b y  E D  A X ) are sh ow n , grow n  in  a 
part o f  a sam ple and in  fig u re  4 .9b  th e surface m orp h o logy  o f  another  
p oin t can b e  ob served . It is , th erefo re , clear b o th  fro m  SE M  and X R D  
that m u ltip h ase, in h o m o g en eo u s m aterial results fro m  fabrication  w ith  
B a (O H )2  as a B a precursor.

T c m easurem ents h ave n ot b e e n  p erform ed  sin ce  th e quality o f  the  
m aterial w as ob v iou sly  n ot satisfactory.

107



R
es

is
ti

vi
ty

 [
oh

m
 c

m
]

F igure 4.8: T h e  su p ercon d u ctive  transition  fo r  sam ples prepared  fro m  
BaC>2 , after a first and a seco n d  fir in g  at 950 C.
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F ig u re  4,9: S u rfa c e  m o rp h o lo g y  o f  sa m p le s  p re p a re d  fro m  th e  B a (O H )2 -
so lid  s ta te  re a c tio n  ro u te , (a )  B a r=  100 /an , (b )  B a r=  10 /an.I

I
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4 .3 . E vap oration  o f  N itrates

4.3.1. E xperim en ta l

T h e  starting m aterials (Y 2O 3 , BaC>2 , C uO  or C u) w e re  d isso lved  in  a 
sm all ex cess  o f  nitric acid  and th en  th e so lu tion  w as b o iled  to  evap orate  
all th e  w ater and th e  rem ain ing acid. T h e  nitrate salts w e re  h eated  o n  a 
h ot p la te  up to  300 C. A fte r  grinding th ey  w e re  fired  at 500 C  to  
d eco m p o se  th e n itrates and later o n  at 8 0 0 -9 5 0  C fo r  th e  form ation  o f  
Y B C O . A  fin a l grinding and  p ressing stage w as fo llo w e d  b y  fir in g  at 
9 0 0 -9 5 0  C  for  sintering.

4 .3 .2 . R esu lts

T h e  evap oration  o f  a  n itrate so lu tion  w as attem pted  fo r  the  
p rod uction  o f  a  h o m o g en eo u s p ow d er. Y B C O  as w e ll as 5,10 and 15% 
K -d o p e d  m aterial w as p ro d u ced , w h ere  x% is the p ercen tage o f  barium  
substitu tion  b y  K. D u rin g  th e  evap oration  o f  th e  so lu tion  a w h ite  p o w d er  
w as orig in ally  p recip ita ted , w h ile  th e  rest o f  th e  so lu tion  had th e  dark  
b lu e  co lou r typ ica l fo r  th e  C u  nitrate. A fter  th e  evaporation  o f  th e liq u id , 
th e  rem aining b lu e  p o w d er  m e lte d  and gradually b ecam e b lack .

A fte r  the in itial fir in g  at 500 C  fo r  th e d ecom p osition  o f  n itrates th e  
form ation  o f  Y B C O  w as a ttem p ted  b y  firing at tem peratures ranging fro m  
800 C  to  950 C. In all cases a m ultiphase m aterial resu lted  w h en  
tem peratures lo w er  than 950 C  w e r e  u sed . X - r a y  d iffraction  ind icated  that 
in  so m e cases th e  m aterial that w as sin tered  at 950 C w as sin g le  phase  
but th e  results w e re  n ot rep rod u cib le , sin ce  fabrication  b y  th e sam e  
p ro ced u re , le d  to  th e  appearance o f  large am ounts o f  211 and B a C u O ^  In  
oth er cases C uO  and B a C u 0 2  or 211 and C uO  appeared. B y  exam ination  
o f  th e  phase diagram  (fig u re  2 .5 ), it can b e  con clu d ed  that th e  d ifferen t  
b atch es/fraction s u sed , had d ifferen t sto ich iom etries around th e  1:2:3 ratio.

It w as also freq u en tly  o b se r v ed  that th e 211 phase w as form ed  in  the  
cen tre  o f  th e sam p le at th e  contact w ith  th e  substrate. G en era lly  the  
p e lle ts  w e re  d efo rm ed  and so m etim es cracked , clearly  having areas o f  
d ifferen t com p osition .
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4.3.3. Discussion

This method, therefore, presented the following problems: (a) The 
material produced was not homogeneous since Ba and Y nitrates 
precipitated first and Cu later as was obvious from the colour of the 
solution, (b) the powder did not have a small particle size since during 
the decomposition of the nitrates melting took place. As a result, there 
was non-reproducibility and usually poor quality of the produced samples, 
in disagreement with initial reports of good quality material obtained by 
this method [137,138]. There was also no indication of lowering of the 
YBCO formation temperature as claimed. Since 1987, however, no further 
publications were made on this fabrication route, something that indicates 
that careful examination of the results led to conclusions similar to those 
presented here on the applicability of this technique.
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4.4. Freeze-Drying

4.4.1. Experimental

Freeze drying or lyophilization is a technique that can be used for 
the fabrication of high quality (homogeneous, small particle size) ceramic 
powders. It is essentially a means of drying, achieved by freezing the wet 
substance and causing the ice to sublime directly to vapour by exposing it 
to a low partial pressure of water vapour. The method requires four basic 
operations [187]: (a) Mixing, preparing a solution of the cations, (b) 
Freezing the solution abruptly, so that no fractional crystallization occurs 
and the random ordering of the ions in the solution is retained, (c) 
Sublimation of the ice under vacuum, until only a mixture of the salts 
remains and (d) Decomposition of the salts to form the oxides and 
subsequent calcination to form the required phase.

For preparation of YBCO, a solution of Y, Ba and Cu nitrates was 
prepared by dissolving the oxides with a small excess of nitric acid and 
sprayed on liquid nitrogen. The frozen droplets were collected and put in 
a precooled container which was put immediately in the freeze-dryer. 
Three types of freeze-dryers were used: (i) a big capacity laboratory 
multi-user commercial freeze-dryer, (ii) a home-made apparatus shown 
in figure 4.10 and (iii) a small capacity laboratory commercial unit.

When all the water was removed through sublimation, the sample was 
transported to a dry-box and heated on a hot plate (~300 C) and 
subsequently ground and fired at 500 C and/or at 800 C. The last stage 
was grinding, pressing and firing again at 900-950 C for sintering.

4.4.2. Results

The first two stages reported in the previous section, fabricating and 
freezing the solution, did not present any difficulties. During sublimation, 
however, melting of the frozen droplets was observed. This would result 
in the precipitation of the salts and loss of the expected chemical 
homogeneity and small particle size.

In order to avoid melting, the container of the frozen material was 
kept at low temperatures using dry ice (solid CO2) when the big capacity
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freeze-dryer was used. Since it was difficult to maintain dry ice 
overnight, a second device was set up, where the frozen solution 
container was kept at a low temperature using an "environment chamber" 
(-25  C max.), shown in figure 4.10. In both cases, very slow sublimation 
rates resulted since the vapour pressure of the water is much lowered at 
such temperatures. Freeze drying for 7-10 days was necessary in several 
experiments and even then, some melting occurred, especially at the final 
stage of the process when most of the water had been removed.

Investigation of the possible reasons that could result in lowering the 
melting point of the salt solution led to the conclusion that the remaining 
small excess of nitric acid, used to dissolve the oxides, was responsible 
for this effect. The melting point of HNO3 is -42  C [188] and, therefore, 
a HNO3-H 2O solution is bound to have a melting point lower than -4
C.

When the role of HNO3 was realized, the solution was formed with 
the minimum excess of HNO3 possible and then neutralized (pH=7) with 
the addition of dilute ammonia. The problem of melting was thus 
overcome and eventually the solution was freeze-dried in less than two 
days using a small laboratory apparatus, without having to keep the 
material at low temperatures.

The material produced after freeze-drying was very hygroscopic and 
it was transferred in a dry box before decomposition on a hot plate. As 
in the case of evaporation from a solution, melting of the nitrates 
occurred since Cu(NC>3)2 3H2O melts at 114 C [188].

One more problem that arose was the decomposition of ammonium 
nitrate that was formed during neutralization of the solution with 
ammonia. Ammonium nitrate decomposed violently producing a cloud of 
brown vapours and at the same time dispersing small particles of the 
powder around the hot plate.

Firing at 600 C was initially attempted but the decomposition was not 
completed as indicated from X -ray diffraction and the large weight loss 
after subsequent firing at 950 C. For this reason, a calcination temperature 
of 800 C was used in order to succesfully decompose the material.

The powder produced by this method had a wide size distribution 
ranging from 5 nm particles to 40 jun particles/agglomerates with irregular 
shape as can be seen in figure 4.11.

Pressing and firing of this powder at 950 C gave multiphase material, 
usually containing YBCO as a majority phase along with a considerable 
amount of BaCu02 and 211. A typical X-ray diffraction pattern is 
presented in figure 4.12. DC resistivity and AC susceptibility confirmed
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F ig u re  4.10: A p p a ra tu s  c o n s tru c te d  f o r  th e  f r e e z e - d r y in g  p rocess.

F igu re  4.11: S can n in g  e le c tro n  m ic ro g ra p h  o f p o w d e r  p ro d u ce d  by
f r e e z e - d r y in g .  B a r=  100 ^m .
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Figure 4.12: Typical X-ray diffraction pattern (Cuj^a radiation) of the 
multiphase material produced by freeze-drying.
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the results of X-ray diffraction, showing that the samples produced were 
of poor quality.

4.4.3. Discussion

The poor quality of the powder and bulk samples produced by 
freeze-drying can be explained by analyzing the problems presented 
during the fabrication process. Specifically, melting of the frozen material 
during the initial experiments resulted fractional precipitation of the 
nitrates and consequently, the loss of the expected homogeneity. 
Furthermore, when conditions were adjusted to avoid this effect, 
decomposition of the freeze-dried salts on a hot plate resulted in melting 
of the Cu nitrate and loss of homogeneity and small particle size.

A  possible route to avoid these problems would be to heat the 
material in vacuum immediately after freeze-drying, so that the crystalline 
water of the nitrates can be removed by sublimation, thus avoiding 
melting, and heating at even higher temperatures, to decompose the 
nitrates. The first step of heating the nitrates to remove the crystalline 
water was attempted using the "environment chamber"; however, even 
though a temperature of 122 C (maximum for the apparatus) was reached, 
not all the water was removed. Further heating on a hot plate still 
resulted in melting, possibly indicating the existence of other hydrated 
forms melting at even higher temperatures.

Therefore, either heating in vacuum at higher temperatures or using 
something other than nitrate salts could possibly result in better results.

Work reported in the literature during and after the research 
presented here are contradictory. According to an initial report [141], the 
synthesized material was of very good quality, but in another publication 
Wang et al.[189] concluded that freeze-drying of nitrates gave highly 
aggregated material and resulted in low-density ceramics (<75%), in 
agreement with the results presented here. Medelius and Rowcliffe [142], 
came to the same conclusions as in this work, as far as pH control and 
problems created by nitrates are concerned, and using acetate-nitrate 
mixtures they achieved the fabrication of much better powders.
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4.5. Mist Pyrolysis

4.5.1. Experimental

The mist pyrolysis process consisted of three steps: initial atomization 
of the starting solution into micron-sized droplets via an ultrasonic 
atomizer, transit of the generated aerosol through a hot zone where the 
decomposition and reaction processes took place and subsequent collection 
using a filter. The mist pyrolysis apparatus, which was constructed in 
collaboration with Mr. K. Ley to perform the process, is schematically 
shown in figure 4.13.

The potential advantages of using such a technique include close 
control of green microstructure; the method producing spherical, 
controllable size particles with uniform size distribution and enhanced 
chemical homogeneity relative to solid state approaches.

The starting solution for YBCO contained nitrates in the ratio 1:2:3 
for the Y, Ba, Cu cations. Y(NC>3)3 and Cu(NC>3)2 were prepared by 
reaction of their 99.999% pure oxides with nitric acid. Ba(NC>3)2 of 
analytical purity was also used. The solution had a concentration of 0.025 
M and a pH adjusted to 7 (so as to minimize corrosion of the ultrasonic 
transducers).

The ultrasonic atomizer used, ("Electrosonic ES4 humidifier"), 
consisted of 4 piezoelectric transducers, operating at a frequency of 1.6 
MHz. Atomization by ultrasonic means has two important advantages over 
nozzle (spraying) methods: (a) Very narrow droplet size distribution 
[190,191], (b) Droplet size and quantity of atomized solution can be 
indepedently controlled by adjusting the frequency and the power 
respectively, so that optimum conditions can be easily achieved [190].

The temperature of the furnace and the carrier gas (oxygen) flowrate 
could be used to control the phase formation reaction. A flowrate of 
1.5-2.5 1 min.” l  was used, in a silica tube of active length 50 cm and 
internal diameter 3.1 cm. A residence time of 9-15 sec. was calculated, 
without taking into account, however, possible effects (such as expansion 
of carrier gas) due to the high temperature of the furnace. Temperatures 
between 900 and 1000 C were used.

The design of the filter had to provide adequate collection 
performance for submicron particles and at the same time be resistant to
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Figure 4.13: The apparatus constructed for mist pyrolysis.
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high temperatures combined with water vapour. For this reason a Gelman 
Sciences Type A/E glass fibre filter was selected, with nominal lpm pore 
size, being able, however, to retain 99.98% of 0.3 /mi particles, operating 
at temperatures up to 550 C and high flowrates (32 lt/min.). A large pore 
sintered glass filter was used as a support for the glass fibre one.

For the production of bulk samples, the collected powder was pressed 
into 5 mm diameter pellets and subsequently fired up to 950 C for 4-12 
hrs duration. The atmosphere of the furnace was oxygen and slow rates 
of heating and cooling were used (2 -5  deg min“l).

4.5.2. Particle size calculation

The expected powder particle size obtainable via this technique can 
be calculated from first principles using equation (4.1) [192], which gives 
an estimate of the diameter of the droplets that are generated through 
ultrasonic cavitation of a solution.

d = 0.969 (4.1)

In the above equation, d is the calculated droplet size (m), y and p 
represent respectively the surface tension (N m“l) and the density (Kg 
m~3) of the solution, whilst, f represents the ultrasonic frequency (Hz) 
used.

Using a frequency of 1.6 MHz, a surface tension of 69.6x10 “ 3 N m- l  
and a calculated density of 1.03 g cm ” 3 for the YBCO precursor solution, 
equation (4.1) gives a droplet diameter of 2.9 pm. From the concentration 
of the solution (0.025 M), the mass of YBCO produced from each droplet 
is found to be 2.1xl0” 13 g .  Supposing a density of 6.39 g cm ~3 (X-ray  
density of orthorhombic YBCO), and spherical particle shape, the 
diameter of each particle is calculated to be approximately 0.4 pm.

These calculations may be summarized by the following equation 
(4.2):

c MW  7 1^3

106 p p' f2
(4.2)

Here, dp is the particle diameter (m), c is the concentration (moles 1~1), 
Mw the molar weight of the compound formed (g), p' the X-ray density
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of the compound (g cm “ 3) an(j y (N m-  1). p (g cm ~ 3) and f (Hz) as 
defined for equation (4.1).

Consequently, control of particle size for a particular compound can 
be achieved via both the frequency of the transducers producing the fine 
mist and the concentration of the solution itself.

4.5.3. Results

Initial experiments with a furnace temperature of 900-950 C gave 
partially reacted (brown) powder. When a temperature of 1000 C was 
selected, the powder had the typical black colour of YBCO.

X-ray diffraction of the powder produced when the furnace was at 
1000 C, indicated the formation of YBCO phase (figure 4.14). Broadening 
of the peaks due to the small particle size can be observed. No impurity 
peaks were detected, which is an important result since small amounts of 
CuO or Y2BaCu05  are usually present in YBCO. Therefore, this method 
can be used to produce single phase powder in one step.

The collected powder was also examined by SEM which confirmed 
that the individual particles were of spherical shape (see figure 4.15). 
From figure 4.16, it can also be seen that the particle size distribution is 
quite narrow, with 97% of the particles between 0.1 and 0.5 /an, with a 
mean diameter of around 0.3 /mi, thus confirming the theoretical estimate 
of 2.9 /mi, calculated from equation (4.2).

Particles produced from processes such as mist or spray pyrolysis can 
be hollow [193], and this effect has been observed in YBCO [194]. 
Preliminary SEM work did not suggest the particles produced here were 
hollow. Agreement between the estimated and measured particle size 
suggest solid particles, however, the possibility of the particles being 
hollow cannot be excluded.

Pressing and firing of the powder resulted in bulk superconducting 
material. In figure 4.17 the resistive transition can be seen, with an onset 
of 92 K and zero resistance of ~89 K. A room temperature resistivity of 
~ 1.8 mohm cm was observed.
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Figure 4.14: X-ray diffraction pattern (Cu£a radiation) for powder 
produced from mist pyrolysis.
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Figure 4.16: Particle size distribution for the powder shown in figure 4.15.
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Figure 4-17: The superconductive transition of a bulk sample produced by 
mist pyrolysis powder.
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4.5.4. Discussion

Mist pyrolysis has, therefore, been demonstrated to give single phase, 
submicron powders which lead to the fabrication of bulk superconducting 
material, following a simple procedure. Part of the experimental results 
presented here, will be published [195].

Other reseachers have also produced powders from mist pyrolysis; the 
particle size, however, is bigger and the distribution is wider, 2 /im [194], 
0.5 -  2 /mi [196] and "less than 1 ^m" [143,197], than the powder 
presented in this work. Furthermore, even though the powders are 
claimed to be single phase YBCO, a small amount of CuO can be 
detected in figure 1 of reference [197].

Mist pyrolysis compares favourably with most of the other methods. 
Chemical techniques used for powder production such as co-precipitation 
of oxalates [86,144], so l-gel [145], freeze-drying [142] and
hydroxycarbonates [198], further to the basic preparation step (which can 
be complex and time consuming itself), require calcination and usually 
light ball milling in order to obtain fine powder. On the other hand, this 
powder, ready for forming and sintering can be obtained directly from 
mist pyrolysis.

Scaling up of the apparatus is possible and design optimization for 
the mist producing ultrasonic equipment, furnace and filtering system 
could enable commercial development of this fabrication process. For 
collection of the produced powders electrostatic precipitation filtering is 
ideal since it is the only method that is efficient for submicron size 
particles. Both the ultrasonic electrostatic precipitation equipment and 
technology are commercially available, so that no basic technology has to 
be developed in order to produce large scale mist pyrolysis units.
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4.6. Conclusions

There is a clear advantage of mist pyrolysis as a preparation 
technique, since very good particle size and distribution of single phase 
YBCO can be obtained. The simple experimental arrangement and the 
scaling up possibilities are promising for the application of this technique 
for high quality powder fabrication.

In comparison, the solid state preparation technique can produce 
reasonably "single" phase material (with very small amounts of impurities) 
which can be used for basic studies of the material. The particle size, 
however, depends on comminution, with problems such as contamination 
from the grinding media, irregular particle shape and wide size 
distribution. The best results were obtained using BaC>2 as a precursor for 
Ba, while using BaCC>3 resulted in material of slightly lower quality. 
Material prepared from Ba(OH)2 was multiphase.

Application of the freeze-drying technique using Y, Ba and Cu 
nitrates was not successful; however, the problems involved were 
identified. It is, therefore, possible that adequate choice of materials and 
apparatus development could lead to successful application of
freeze-drying.

Evaporation from nitrates did not lead to reproducible results since 
multiphase material was often obtained and even in the cases where single 
phase YBCO resulted, there was no advantage over the solid state 
preparation or other techniques.
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5. RARE EARTH SUBSTITUTION, POTASSIUM DOPING AND O -T  
TRANSITION

Cation substitution/doping has been used to improve the properties of 
many modern ceramics. There are two main effects that doping cations 
can have: an effect on the structure and also on the electronic/ionic 
behaviour of the material.

In YBa2Cu307_ 5, oxygenation to increase the stoichiometry to 7 is a 
very important problem, therefore, the rare earth substitution/ potassium 
doping work presented here had as an objective the investigation of the 
effect on parameters/properties connected with the behaviour of oxygen, 
as well as the microstructure of the material.

Initial investigations [163,164] on potassium substitution in the place of 
barium in YBCO, indicated a possible increase of the orthorhombic-to -  
tetragonal (O -T ) transition temperature. In order to extent the limited 
information obtained from the literature, other rare earth ions (Er, Nd, 
Gd) were also used instead of Y.

The possible extent of K substitution without deterioration of the 
properties of the material (since only a partial substitution is expected for 
K with a valence of 1+, compared to Ba 2+) was investigated. The effect 
on the O -T  transition was examined quantitatively by XRD, measuring 
the cell parameters after quenching from different temperatures as well as 
examining the material in—situ at high temperatures by neutron diffraction.

The elements Er, Y, Gd, Nd were selected so that they cover almost 
the whole range of ionic radii (Er=1.004 .. Nd=1.109 A) of the rare earth 
cations which can substitute for Y in the 123. The prepared samples were 
examined by X-ray diffraction (phase identification/ cell parameters), low 
temperature resistivity measurements and also by neutron diffraction, 
atomic absorption, thermal analysis, scanning electron microscopy and 
energy dispersive X-ray analysis. The amount of doping will be referred 
to, either as x in the formula REBa2_xKxCu30 7 _ 5 or as a percentage of 
barium atom substitution.
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5.1. ErBa2-xKxCu3Q7-s

Erbium samples with 0, 2.5, 5 and 10% K-doping (x= 0, 0.05, 0.1, 
0.2) were prepared. Even though single phase 123 material was obtained 
for 2.5% doping, higher K contents had as a result the formation of the 
211 phase (Er2BaCu0 5 ), possibly along with another, 
potassium-containing, phase which was not identified. In figure 5.1 X -ray  
diffraction data are presented for the different doping levels. Peaks which 
do not belong to the 123 phase are shown hatched. It can be observed 
that for 5 and 10% K, the 123 phase has disappeared. Multiple attempts to 
prepare samples of these compositions always gave the same results.

The Tc is not significantly affected with 2.5% doping as is shown in 
figure 5.2 and the material remains a 90K superconductor. No attempt for 
low temperature resistance measurements of the 5 and 10% K doped 
materials was made since the 211 was the majority phase. A series of Ba 
deficient (non K-doped) samples, however, was prepared, with 5 and 10% 
Ba-deficiency (ErBa2_xCu3(>7_ 5, x=0.1, 0.2). Both samples had 123 as 
the majority phase with a small amount of secondary phases as concluded 
from XRD, having a Tc(R=0) of 90-91 K, indicating that K-doping had 
a deleterious result as far as the Er-123 phase formation was concerned.

From cell parameter data listed in table 5.1, it can be seen that the a 
and b parameters do not change significantly for 2.5% doping but there is 
some decrease in the c parameter. The number in parenthesis is the 
accuracy of the last digit of each number.

Er has an atomic radius of 1.004 A, the closest to Y (1.019 A) 
compared to the other cations used in this study. However, unlike in the 
yttrium 123, it seems that potassium cannot substitute more than 2.5% the 
Ba in this structure, forming other compounds instead.

Fabrication of the Er-123 potassium doped samples was performed by 
X. Turrillas.

Table 5.1
Cell Parameters (A) for ErBa2_xKxCu3C>7_ 5

X a b c

0.00 3.814(2) 3.8861(3) 11.6637(1)
0.05 3.818(2) 3.8840(3) 11.6519(1)
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Figure 5.1: X-Ray diffraction patterns (Cu Ko- radiation) for
ErBa2_ xKxCu307_ 5. For 0 and 2.5% substitution (x=0, 0.05), the 123 
phase is formed while for 5 and 10% (x=0.1, 0.2), the 211 phase results.
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Figure 5.2: Normalised resistivity versus temperature
ErBa2_ xKxCu3C>7_ 5, x=0 and 0.5.
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5.2, YBa2-xKxCu3Q7-<

For YBa2- xKxCu307-5  samples with 0, 5, 7.5, 10, 15, 20 and 25% 
K-doping (or x=0, 0.1, 0.15, 0.2, 0.3, 0.4 and 0.5) have been prepared. 
Up to 25% the 123 phase was obtained with minor impurities, provided 
that the proper sintering conditions were followed. In figure 5.3 the 
X-ray diffraction plots are presented for different degrees of doping and 
it can be seen that even though the level of impurities (hatched areas) 
increases with the doping level, it is generally quite low.

There is no effect of doping on Tc up to 15% K as can be seen in 
figure 5.4. This is an important finding since for most ions that partially 
substitute either of the constituent cations of 123, a drop of Tc is usually 
found.

The cell parameters of material fully loaded with oxygen can be seen 
in table 5.2 and it is evident that the values do not change up to 15% K 
doping. A  further experiment, therefore, was performed, fabricating a 
Ba-deficient sample YBai^G^Oy, identical to a 20% K doped sample, 
but without potassium. In figure 5.5 it can be seen that in the case of the 
Ba-deficient sample, the impurity level is slightly larger than for the 20% 
K doped 123 which even though might indicate a partial K substitution, 
offers no conclusive evidence.

Sample density was found to decrease with K-doping when the 
optimum conditions for phase formation were employed, in accordance 
with Moure et al. [166], despite claims by Chen et al. [163] that potassium 
acted as a densification aid. In figure 5.6 there is a definite trend for 
lower densities with increased K content. In this figure, the highest 
densities obtained from each series of samples are given (all samples 
prepared by solid state processing).

The microstructure was affected and depending on the sintering 
conditions, different effects could be seen. In figure 5.7 the surface 
morphology of a 10% K-doped sample fired at 950 C for 18 hours (slow 
heating and cooling rates) is presented. Grains were estimated to have 
dimensions of 15-25 x 3 -8  pm which are larger than the typical YBCO 
grains (such as in figure 4.4 with dimensions of approximately 10 x 2 -3  
pm). In this particular case, therefore, a grain size enhancement was 
obtained.

If the firing temperature is increased to 970 C, a significant amount 
of CuO is formed. In figure 5.8 the microstructure of a sample treated at 
this temperature for 10 hours can be seen in a backscattered electrons
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Figure 5.3: X-Ray diffraction patterns (CuKa) for YBa2_xKxCu307_ 5 for 
x=0, 0.1, 0.3 and 0.4 (0, 5, 15 and 20% K doping).
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Figure 5.4: Normalized resistivity versus temperature for
YBa2- xKxCusO?_ 5, x=0, 0.3 (0, 15% K doping). Inset: Tc versus K 
doping (%). Tc does not drop with doping up to 15%. Bars represent 
onset,midpoint and zero resistivity.
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Figure 5.5: Comparison between the XRD traces of a 20% K-doped and a 
Ba deficient (same cation ratio but without potassium) sample.
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Figure 5.6: Sample densities versus K-doping (%) for YBa2_xKxCu307_5.
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micrograph. The large, darker grains (CuO according to EDAX) are 
randomly distributed among the YBCO phase grains (white in the 
micrograph), occasionally filling spaces between them, as observed in 
other micrographs.

A  eutectic mixture rich in K and Cu was formed, but it had a 
negative effect since it appeared as a liquid phase wetting the crucible 
when heating at temperatures near 950 C. As a result, the rest of the 
material became non stoichiometric and second phases observed by SEM 
and X-ray diffraction, appeared. In order to avoid the formation of this 
phase the sintering temperature had to be lowered depending on the 
amount of doping. For the maximum doping, 20%K (x=0.4), the optimum 
temperature was found to be 920 C.

Table 5.2
Cell Parameters (A) for YBa2_xKxCu307_5

X a b c

0.00 3.826(2) 3.8922(4) 11.6767(1)
0.10 3.826(1) 3.8944(2) 11.6833(1)
0.15 3.819(2) 3.9839(4) 11.6818(2)
0.20 3.824(1) 3.8930(3) 11.6790(1)
0.30 3.820(1) 3.8915(3) 11.6754(1)

5.3. GdBa2- xKxCu3(>7_ g

Samples of GdBa2_xKxCu3(>7_5 with compositions of x=0, 0.1, 0.2 
and 0.3 were prepared by the solid state method, using two 
grinding/sintering cycles. A  sintering temperature of 940-960 C in air for 
times ranging from 4-15 hours was found to be sufficient for the 
formation of the 123 phase. A  further annealing step at 400 C in oxygen 
was employed, as for all 123 samples, in order to increase the oxygen 
stoichiometry and improve the superconductive properties.

Potassium doping up to 5% seems to have no effect on the phase 
formation and 123 remains the only phase. However, a small amount of 
second phases appears at 10% doping which becomes even more for 15% 
doping. The X-ray diffraction data presented in figure 5.9, suggest,
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Figure 5.9: X-Ray diffraction patterns (CuKa) for GdBa2_xKxCu307_ 5, 
for x= 0, 0.1, 0.2 and 0.3 (0, 5, 10 and 15% K)
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therefore, that 5% potassium substitution for Ba is possible.
The resistivity versus temperature results shown in figure 5.10, are in 

accordance with XRD data, since there is no effect on Tc by a 5% 
doping level. In the case of 10 and 15% doping the Tc is lowered to or 
below 60K, in comparison with a Tc of approximately 90 K obtained for 
0 and 5% doping. It is worth mentioning, however, that all samples 
display a metallic behaviour from room temperature to 100 K.

Cell parameters decrease slightly with increasing K content as shown 
in table 5.3. The effect of K-doping to the density and sinterability of 
the samples is similar to that of Y-123. No accuracy estimation was 
possible due to software problems, allowing only the refinement of three 
out of the four available peaks.

Examination of a sample of stoichiometry GdBatgQ^Oy.. 5 showed 
that no second phases could be detected by X-ray diffraction. The 
transition temperature Tc(R=0) is 70 K compared to 60 K for the 
K-doped sample. This indicates that even though Tc drops considerably 
due to Ba deficiency, addition of potassium results in a further 
deterioration of the properties of the material. Comparison of the 
Ba-deficient Gd-123 with E r- and Y-123 shows that the Gd-based 
material is more sensitive to non-stoichiometry than the other compounds.

Fabrication of the K-doped samples was performed by K. Ley, as 
part of his final year research project.

Table 5.3
«Cell Parameters (A) for GdBa2_xKxCu3(>7_ 5

X a b c

0.00 3.847 3.904 11.711
0.10 3.844 3.898 11.691
0.20 3.840 3.897 11.695
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Figure 5.10: Normalised resistivity versus temperature for K-doped Gd 
samples. x=0, 0.1, 0.2 and 0.3 for GdBa2_xKx^u3^7—5* Inset: Tc versus 
K doping.
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5.4. NdBa2-xKxCu3<>7-s

The compositions prepared for NdBa2_xKxCu3C>7_5 where x=0, 0.1, 
0.15 and 0.2 (i.e. 0, 5, 7.5 and 10% K-doping). The optimum firing 
temperature was found with the help of X-ray diffraction for each 
composition before examining the superconductive properties of the 
samples. Diffractograms from 20 to 36 degrees 2 o versus firing 
temperature are presented in figure 5.11a,b for 0 and 5% K-doped 
material and in figure 5.12a,b for 7.5 and 10% doping respectively. The 
peaks shown hatched belong to other phases such as BaCu0 2 , 
NdBa3Cu20x (Nd-132) or Nd2BaCuC>5 (Nd-211).

The Nd-123 phase (undoped) is found to be most stable at 950 C as 
can be seen in figure 5.11a. Firing at lower temperatures results in the 
formation of Nd-132 along with 123, while at higher temperatures 
BaCuC>2 is formed. K-doping of 5% appears, from figure 5.11b, to
stabilise the 123 phase over the range 890 to 980 C, since minor impurity 
peaks are detected. In the case of 7.5% K-doping, two effects can be 
observed from figure 5.12a. First, that even for temperatures as low as 
800 C, the Nd-123 is the majority phase and second, that the optimum 
formation temperature for this compound is 920. It seems, therefore, that 
K-doping favours the formation of the Nd-123 phase, while at the same 
time, lowering the firing temperature by 30 degrees. Increasing the
potassium content at 10% has as a result the appearance of considerable 
amount of second phases, indicating that K does not take the place of Ba 
at this doping level (figure 5.12b). The optimum XRD results for each 
doping level are summarized in figure 5.13, where it can be seen that a 
very small amount of impurities can be detected up to 7.5% K-doping, 
which increase considerably at 10% K.

Tc measurements in figure 5.14 for materials with different amounts
of doping show a considerable decrease of the critical temperature for
the potassium doped samples. Examination of a similarly prepared sample 
with a stoichiometry of NdBai 9Cu3C>7_ 6 resulted in a Tc(R=0) of 82K. 
Therefore, potassium doping in the 5% K-doped compound results in 
lowering of the Tc despite positive effects on the phase formation 
observed by XRD.

Cell parameters decrease slightly for 5% doping (x=0.1) but there is 
no effect for 7.5% K-doping (table 5.4) which indicates that K 
substitution can only occur at smaller doping levels.
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Table 5.4
Cell Parameters (A) for NdBa2_xKxCu307_5

X a b c

0.00 3.877(2) 3.9252(4) 11.7757(1)
0.10 3.868(2) 3.9164(4) 11.7492(1)
0.15 3.868(1) 3.9157(3) 11.7471(1)
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Figure 5.11: X-Ray diffraction patterns (Cu Ka radiation) at different 
temperatures for NdBa2_ xKxCu3(>7_ 5.(a) x=0, (b) x=0.1 (0 and 5% K 
doping respectively).
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I'b)

Nd, 10%  K

Figure 5.12: X-Ray diffraction patterns (Cu Ka radiation) at different 
temperatures for NdBa2_xKxCu307_ s.(a) x=0.15, (b) x=0.2 (7.5 and 10% 
K doping respectively).
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Figure 5.13: X-Ray diffraction patterns (Cu Ka radiation) for
NdBa2_xKxCu30 7 _ 6 x=0, 0.1, 0.15 and 0.2 (0, 5, 7.5 and 10% K doping 
respectively), after firing temperature optimization.
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T E M P E R A T U R E  ( K )

Figure 5.14: Normalised resistivity versus temperature data for
NdBa2_ xKxCu307_ 5, showing the effect of potassium doping. x=0 , 0.1 
and 0.15.
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5.5. The Role of Potassium

Potassium substitution in YBa2Cu3(>7_5 was found not to affect Tc 
up to 15% doping. According to the literature, in most cases this result is 
confirmed [163-166], even though a small decrease in Tc is claimed by 
Saito et al. [167]. There is no information available for Er, Gd and Nd 
potassium doping.

Comparing the results for the Er, Y, Gd and Nd-123, one would 
expect them to relate with the ionic radius of the rare earth (R.E.) 
cations.

Considering Ba and O atoms as spheres touching one another on the 
B a-O l plane, the available space for Ba was calculated using the cell 
parameters given by Tarascon et al. [153] for R.E.Ba2Cu3C>7 and the 
effective ionic radii calculated by Shannon [159]. The coordination number 
of Ba is 10 and for Ol (Ba-O  plane) is 6 and so the corresponding ionic 
radii are 1.52 and 1.4 A  respectively. In table 5.5, calculated values for the 
R.E. superconductors used in this study are shown.

Table 5.5: Comparison between the available space for Ba/K and the ionic 
radii of Ba and K ions (distances in Angstroms).

Cation Radius 0 1 -0 1  distance Avail.radius Eff.ion.radii

Er 1.004 5.449 1.32 B&l+= 1.52
Y 1.019 5.453 1.33
Gd 1.053 5.472 1.34 K^+= 1.59
Nd 1.109 5.494 1.35

There is a considerable disagreement between the calculated available 
"space" for Ba and its ionic size according to Shannon [159]. This could 
be attributed to the fact that the calculated effective ionic radii are 
slightly different for different materials and bonds. Especially in the case 
of 123, bonds like the C u-O  ones are far from the ideal ionic model of 
Cu2+ - 0 2-  causing Ol and Ba radii to vary.

The conclusion that can be drawn qualitatively from this table is that 
since K+ has a bigger ionic radius than Ba^+, it would be expected to
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have an increasing solubility with increasing R.E. cation size. The 
experimental results (phase relations, Tc), however, show a behaviour that 
does not appear to have a correlation with ionic radii.

The cell volume for the K-doped compounds is shown in figure 5.15. 
A small decrease for Nd and Gd-123 cell volume is a possible indication 
that initially some potassium enters the structure, but further doping is not 
accepted and second phases start to appear instead. For Y and Er 
compounds, however, there is no effect on the cell volume, which 
indicates a possibility of K not entering their structure.

An examination of potassium content was therefore necessary, since in 
most samples no K could be detected by ED AX. In table 5.6 atomic 
absorption results are presented for K-doped samples. Even though there 
is a large variation of the results, it is obvious that a significant amount 
of potassium evaporates (due to its high vapour pressure) during sintering. 
As a result, it is clear that the actual potassium content can vary from 1 
to 52% of the starting composition and therefore, doping levels referred 
to in this chapter are nominal.

Examination of the Y-123 potassium stoichiometry indicates a general 
trend for lower content when higher annealing temperatures or longer 
annealing times are used. An attempt to examine the influence of 
different K-precursors (KC8O4H5 or K2CO3) initially indicated that 
K2CO3 had as a result increased K-content, however, the results overall 
are inconclusive. ^

Table 5.6: Potassium content in R.E.Ba2_xKxCu307_5

R.E. x nominal x Atom.Abs. Temp(C) Time(h) Precurs.

Er 0.05 0.005 ± 0.002 950 18 k c 8o 4h 5
Y 0.2 0.135 ± 0.002 900 5 k 2c o 3
Y 0.2 0.009 ± 0.001 940 17 K2c o 3
Y 0.2 0.112 ± 0.002 950 7 K2c o 3
Y 0.2 0.086 ± 0.003 950 7 k c 8o 4h 5
Y 0.2 0.058 ± 0.002 950 46 k c 8o 4h 5
Gd 0.2 0.002 ± 0.001 960 10 k c 8o 4h 5
Nd 0.1 0.008 ± 0.001 980 5 k c 8o 4h 5
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Thermogravimetric analysis (TGA) was used in order to examine the 
oxygen content of the samples. Heating in a reducing environment up to 
900 C, the material loses oxygen and eventually decomposes to rare earth 
oxide and barium oxides, while copper and potassium are reduced to their 
metallic state. The oxygen content at that temperature is therefore known 
and the initial stoichiometry can be calculated using the weight loss found 
from TGA.

In table 5.7 the oxygen stoichiometry is listed for Y, Gd and Nd-123 
superconductors, previously annealed at 400 C. It can be seen that the 
calculated oxygen content for K-doped samples is lower than the 
non-doped ones, apart from the Nd K-doped 123. In view of the 
previous results (Atomic Absorption), indicating that potassium evaporates 
during high temperature treatment and also that different amounts of 
potassium can remain in the samples, the value of 7.65 for oxygen 
stoichiometry of Nd K-doped 123 sample can be explained. If an amount 
of potassium in the sample evaporated during TGA, the weight loss 
would be interpreted as if it was due to oxygen, resulting in higher than 
expected calculated values for oxygen stoichiometry.

Table 5.7: Oxygen content in R .E .B a2_ XKXCU3Oy

Formula Weight% at 900 C Oxygen content (y)

YBa2Cu30 y 92.20 6.73
'yK0.1Ba1.9c «3Oy 91.98 6.66
NdKo iBai 9Cu3 0 y 90.58 7.65
GdBa2Cu3 0 y 92.22 7.08
GdKo.2Bai.8Cu30y 91.78 6.96

Even though, therefore, small amounts of potassium remain in the 
doped materials, the Tc can be affected as in the case of Nd and 
Gd-123. In the case of Er-123, addition of K has as a result the 
formation of other phases, while no effect on Tc or the structure was 
detected for Y-123 (only the microstructure was affected).
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5.6. O -T  Transition Temperature by XRD on K-doped YBCO

The results of K-doping in REBa2Cu30y_ 5 superconductors (RE= 
Er, Y, Gd, Nd) showed that the Y-123 superconductors are the most 
promising since Tc was not affected even with 15% K at. substitution. For 
this reason YKxBa2_xCu3C>7 _ 5 material was quenched from different 
temperatures and the cell parameters were measured to monitor the O -T  
transition. Some of the results presented here, have been reported in 
[199,200].

The compositions x=0.1, 0.2, 0.4 (5,10 and 20%K doping respectively) 
were examined. The samples were fired at the required temperature for 
at least 30 minutes (longer for temperatures lower than 550-600 C) in air 
and quenched in liquid nitrogen in a metallic container. The X -ray  
diffractometer was operated in a step scan mode, scanning from 40 to 48 
degrees 2o (CuKa radiation). The position of the (113), (006), (020) and 
(200) peaks of YBCO, as well as the (420) peak of BGO (internal 
standard), were determined. Using these values, the cell parameters of 
YBCO were found.

In figure 5.16 the variation of a, b and c/3 cell parameters is 
presented versus temperature for 5, 10 and 20% K doping. The accuracy 
found was of similar order of the one presented in the tables 5.1, 5.2, 5.4 
and therefore too small to be recorded on this graph.

The O -T  transition temperature increased from 700 C for 5% doping 
to 800 C for 10%, while there was only an increase to 825 C for 20% 
doping. Potassium, therefore, affects the behaviour of the material and the 
structure remains orthorhombic at higher temperatures.

This is in agreement with initial results of Chen et al. [163] and 
Tallon et al. [164] reporting an effect on the orthorhombic-to-tetragonal 
transition temperature by K-doping. Another effect of K-doping, an 
increased speed in oxygen uptake at the final low temperature
O2-annealing stage, was observed by Moure et al [166], indicating that 
oxygen dependent properties are affected.

Minimization of microcracking due to the higher temperature of O -T  
transition for K-doped samples was initially proposed as one of the 
possible advantages since the change of the thermal expansion coefficient 
of the tetragonal to the orthorhombic phase (from 20 to 2 5 x10  “ ^K-T 
[94,110]) would happen at higher temperatures, at which some of the 
alleviation of stresses could possibly occur by plastic deformation rather 
than microcracking. However, the anisotropy of the thermal expansion
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coefficient over the a, c and b-axis, which is the main reason for 
microcracking, cannot be avoided and therefore no improvement from this 
point of view is expected.

Considering the defect chemistry of potassium substitution in the Ba 
site it is likely that oxygen vacancies are created (eq. 5.1):

K20(BaO) ----- > 2Kea + Otf + V6 ' (5.1)

It would also be possible that oxygen is introduced to reduce these 
vacancies according to eq. 5.2:

v 6 - + j 0 2 -----> Og + 2h (Cu3+) (5.2)

If (eq. 5.2) occurs, an increase in oxygen stoichiometry compared to 
the undoped material would be expected and the increase of the
temperature at which the O -T  transition occurs could possibly be 
justified. From table 5.7, however, a small decrease of oxygen content is 
observed instead. According to this result, equation 5.1 seems to occur and 
an increase of oxygen vacancies is expected in the material. Examination 
of the structure (figure 2.9) indicates that the oxygen site likely to be 
affected is Ol, in the same plane as Ba. It is not clear, however, how 
this could have an effect on the O -T  transition. Decrease of the c-axis, 
on the other hand, as observed in the case of Nd and Gd, can be
justified.

Since the amount of potassium found in the material is small (from
half to a very small fraction of the nominal composition -see  table 5 .6 -),
a small effect would normally be expected on the properties of the 
material.

In order to examine further the effect of potassium doping on the 
structure of the material, an in—situ investigation by neutron diffraction 
was performed.
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5.7. O -T  Transition Temperature by Neutron Diffraction

Examination of the K-doped YBCO samples by in-situ neutron 
diffraction presented the following advantages: results are indicative of the 
bulk of the material (not just the surface as for X-rays), since the 
samples are practically transparent to neutrons; and in situ measurements 
permit elimination of problems that might arise by quenching. By using 
the Rietveld refinement method, the cell parameters were obtained. This 
method could also provide information on the exact place and site 
occupancies of the different atoms. However, the very small amount of 
potassium present makes it practically impossible to estimate the site 
occupancies for it. Furthermore, impurities (CuO and 211) resulted in 
unsatisfactory goodness-of-fit parameters, and so results on site
occupancies have not been used.

Three oxygen loaded samples of 0, 5 and 10% K-doping were 
examined (YKxBa2_xCu307_ 5, x=0, 0.1, 0.2). They were inserted in 
powder form in Si0 2 ~glass tubes, contained in a cylindrical stainless steel 
holder which was placed in the on-stage furnace in an oxygen 
atmosphere. Due to the short time allocated for these experiments, only 
20 min. were allowed for equilibration for all temperatures before the 
measurements took place. An experiment performed in order to examine 
the effect of the equilibration time, however, showed that there is only a 
small difference of the results after 20 and 180 min.

Spectra for the stainless steel holder were recorded at all 
temperatures examined and later on were subtracted from the spectra of 
the samples, so that eventually only the contribution from material itself 
was obtained. In figure 5.17, the spectra of the empty steel holder along 
with the steel holder when containing an YBa2Cu307_5 sample at room 
temperature are showed.

The neutron diffraction spectra obtained for YBCO over the 
temperature range 25-725 C are shown in figure 5.18. The separation, 
merging or inversion of intensities of peaks due to the structural transition 
from the orthorhombic to the tetragonal phase can be observed. The 
temperature steps were chosen so that the transition temperature could be 
traced within 25 degrees.

The O -T  transition temperature observed when heating the samples 
from 25 C compared to that when cooling them from higher temperatures 
(700-800 C), presented a hysteresis of the order of 30 degrees centigrade. 
This was probably due to the slow kinetics of oxygen and the relatively
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Figure 5.17: Neutron diffraction patterns at room temperature: (a)
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Figure 5.18: The variation of the YBa2Cu3C>7 _ 5 peaks over 25-125 C, by 
neutron diffraction. Peaks indicated by an arrow are due to the steel holder.
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short equilibration time that was used before each measurement. The 
evolution of three of the peaks of YBCO and 5% K-doped YBCO during 
the O -T  transition is shown in figure 5.19. The merging of the (200) and 
the (020) peaks of the orthorhombic phase to the single (200) reflection 
of the tetragonal phase is clearly shown. The peaks appear to be flat due 
to the scaling.

The cell parameters were obtained by fitting the data and a typical
• __accuracy of 0.0003-0.0006 A  was obtained. The cell parameters for 0, 5 

and 10% K-doped YBCO at different temperatures shown in figure 5.20 
do not indicate any effect as that observed by XRD on quenched 
material. Comparing this figure with 5.15, a different behaviour of the 
c-axis can be noticed. It changes abruptly on the quenched material near 
the O -T  transition, while a gradual increase is observed in—situ. Also, a 
general increase of all cell parameters can be noticed for the neutron 
diffraction results. This is a normal consequence since in—situ 
measurements include the effect of thermal expansion, irrespectively of 
other structural changes. A very clear illustration of this is the change of 
cell parameters between 25 and 400 C. The structure remains the same 
since the oxygen stoichiometry is maintained near 7, but an increase on 
all cell parameters is recorded.

The orthorhombic to tetragonal transition occurs at approximately 675, 
650 and 650 C (the last value is an estimate since measurements only up 
to 635 C were performed) for 0, 5 and 10% K-doped material. This 
result and the data shown in figure 5.20 indicate that within experimental 
errors, there is no difference in the behaviour of doped as opposed to 
that of the undoped material.

This contradicts the results from X-ray diffraction of quenched 
material. Neutron diffraction provides results from the bulk of the 
material, while XRD only from a certain thickness below its surface. As 
far as the bulk of the material is concerned, the O -T  transition 
temperature is not affected by K-doping and there is no indication of the 
applicability of the models (eq.5.1-5.2) in this situation, especially because 
of the small existing amount of potassium.

It might be argued that K-doping could have an effect on the 
surface exchange process, facilitating oxygen intake during the very short 
cooling time before quenching. Such an effect would be detectable by 
XRD but not by neutron diffraction. Possible intake of oxygen before 
quenching is also indicated by the fact that transition temperatures are in 
general lower when estimated by in—situ examination (650-675 C) than 
from quenched samples (700-820 C).
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Figure 5.19: The evolution of the 200, 020 and 006 peaks for different 
temperatures for the 0 and 5% K-doped YBCO samples.
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Figure 5.20: The variation of cell parameters a,b and c/3, determined 
in—situ by neutron diffraction, versus temperature for 0, 5 and 10% 
K-doped material (YKxBa2_xCu3C>7_ 5, x=0, 0.1, 0.2).

157



The neutron diffraction experiments were performed in collaboration 
with Dr. W. Cywinski and Dr. S. Kilcoyne from the University of 
Reading (Physics Dept.).

5.8. Conclusions

Examination of K-doping of the 123 structure showed a deterioration 
of the superconducting properties when Er, Gd and Nd were used as the 
R.E. cation, even though a very small amount of potassium remained, the 
rest evaporating during sintering. Y-123 did not show any effect on Tc 
for nominal doping up to 15% K, microstructural changes were, however, 
observed.

Grain enlargement or partial decomposition of the YBCO phase to 
CuO and 211 or BaCu02 resulted for different firing temperatures. This is 
an interesting property since large-grain YBCO could be useful in 
combination with preferred orientation in order to obtain high Jc material, 
a route followed by Murugaraj et al. [201,202]. In these publications it is 
claimed that the a -b  plane growth is larger for YBa2_yKxCu3 0 7 _ 5 
(y=0.15-0.2, x-very small) samples, resulting in oriented bulk ceramics.

Results on the orthorhombic to tetragonal (O -T ) transition 
temperature differ for investigations in—situ and on quenched material. 
In—situ neutron diffraction indicated that the doped material has the same 
transition temperature (650-675 C) as undoped YBCO. On the other 
hand, an increase from 700 to 800 C was found for quenched 0 and 10% 
K-doped YBCO respectively by X -ray diffraction. These contradictory 
results could possibly be due to surface effects, since bulk properties, as 
indicated by neutron diffraction, are not affected.
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6. OXYGEN MASS TRANSPORT

6.1. Oxygen conductivity by electrochemical techniques

Solid state electrochemical techniques had been used extensively in 
the past for characterizations of ionic or mixed ionic and electronic
conductive ceramics [203,204]. Using these techniques, thermodynamic and 
transport quantities are transformed into electrical quantities (voltage, 
current) which can be measured accurately. The equipment required, 
therefore, is not necessarily expensive and measurements can be 
performed in a relatively short time in most cases.

The most complicated measurements involve mixed conductors, since 
in that case auxiliary electrolytes have to be used. In this work, the
objective was to measure oxygen conductivity in the YBCO and BSCCO 
mixed conductor materials, where holes are the majority carriers.

In the case of YBCO, oxygen diffusion can be calculated from the 
conductivity measurements and, therefore, the process time for low
temperature (400-450 C) oxygen annealing can be accurately found. 
Measurements on BSCCO can also give information on the mass transport 
and indicate the applicability for ceramic electrochemical reactors.

Possible disadvantages and limitations on the application of the
electrochemical techniques are also examined and discussed.

6.1.1. The electrochemical cell

The main problem concerning measurements of YBCO or BSCCO is 
that electronic conductivity is much larger than the oxygen ion 
conductivity. In order, therefore, to isolate the ionic contribution, auxiliary 
electrolytes that would block electronic current had to be selected.

The cell employed (figure 3.4) is simple in design and ideally the 
partial ionic conductivity of the material to be examined should be two 
orders of magnitude lower than that of the blocking electrodes. In this 
way the contribution of the electrodes will be very small compared to 
that of the material to be measured.

Since conductivity values have not been established for either YBCO 
or BSCCO, silver, a well characterized mixed conductor, was used in 
order to verify the applicability of the electrochemical technique using this 
cell. The temperature range for these measurements is 300-850 C.
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6.1.2. Electron blocking electrodes

The choice of the blocking electrodes is dictated from the magnitude 
of their oxygen conductivity at the required temperature range. Two kinds 
of electrodes were used:
i) Yttrium Stabilized Zirconia (YSZ or 8YSZ)

At a stoichiometry of 8% Y, good conductivity can be obtained. It 
can operate in a temperature range of 300-1200 C, even though at 
300-400 C it has a rather small conductivity. Attention must be paid to 
the working atmosphere, since at either very high or very low oxygen 
pressures, electronic conductivity becomes similar or larger than the ionic 
one [205].
ii) Samarium doped bismuth oxide (B q 7581110.2503 or BiSm)

Doping with Sm, the 5-B i2C>3 phase is stabilized. This phase has an 
oxygen conductivity which is much higher than that of YSZ, however, the 
operation temperature is limited to a maximum of approximately 800 C. 
On the other hand, BiSm can be used at temperatures between 300-500 
C providing much better conductivity than YSZ. Apart from the possible 
appearance of electronic conductivity at extremes of partial oxygen 
pressure [206] (as for YSZ), reduction of the Bij 7581110.2503 to metallic 
Bi and Bi-Sm  oxide can occur at reducing conditions, even with small 
voltages/ currents [207].

The conductivity a of both materials is presented in figure 6.1. 
Results for a(bulk+grain boundary) 8YSZ over the temperature range 
288-783 C, from [184] were used. For the experiments performed here, 
the same commercial powder (T Z -8Y) and the same firing procedure 
were employed. A  series of impedance spectroscopy measurements over 
245-395 C was performed in order to find the conductivity of BiSm 
presented in this figure.

6.1.3. Possible contributions to the conductivity

A  number of different processes can affect electrochemical 
measurements and therefore they have to be taken into account in order 
to analyze the results and to take the necessary precautions.

In figure 6.2 the cell and the possible contributions to the 
conductivity are presented:
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Figure 6.1: The conductivity of 8YSZ (bulk+grain boundary) and
®'1.75Sm0.25O3 (bulk) versus temperature.
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1. Pt(02)/ Blocking electrolyte interface
This interface gives rise to the ’electrode effect’ which can be 

detected by impedance spectroscopy even in the simple Pt/YSZ/Pt system 
(see figure 3.6).

2. Blocking electrolyte/ Mixed conductor interface
Depending on the quality of the interface, different values of 

resistance will be obtained. In order to minimize this value, all touching 
surfaces were polished using 2 pm diamond paste and measurements were 
performed cooling the cell assembly from high temperatures. This had as 
a result better contacts since at these temperatures (800-850 C) some of 
the materials soften slightly. In many cases after this treatment the three 
pellets were stuck together and it was difficult to separate them.

3. Leaking or short circuit routes for oxygen
Due to the high activity of triple points (atmosphere, blocking 

electrolyte, mixed conductor) it is possible that oxygen ions with two 
holes from the mixed conductor are freed as oxygen atoms to form 
molecules on one hand,

2 O2-  + 4 h- -------- > 0 2  (6.1)

while on the other hand, oxygen from the atmosphere can be decomposed 
to oxygen ions that enter zirconia and holes moving through the mixed 
conductor, so that the opposite reaction to (6.1) occurs. If this effect 
occurs and is large enough, it can cause short circuiting since it would be 
easier to leak through the contacts instead of passing through the material.

In an attempt to prevent this effect from happening the sides of the 
assembly were sealed with glass. After the measurements, however, it was 
observed that glass penetrated in some extent the area between the 
blocking electrolyte and the mixed conductor. Because of this effect, using 
the cell without glass sealing was preferred instead. Measurements with 
glass sealing were performed by Maier et al. [208].

4. Oxygen conductivity in both the mixed conductor
and the blocking electrolyte
The oxygen conductivity of the mixed conductor is the required 

value, while that of the blocking electrodes can be either subtracted from 
the total value or ignored if it is less than 2 orders of magnitude smaller 
(<1%).
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Figure 6.2: The possible contributions to the conductivity of the
electrochemical cell employed here.
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It should also be mentioned that grain boundary conductivity can be 
another factor influencing these measurements, especially since it gives 
different capacitances and therefore different semicircles than the bulk 
conductivity in the real vs. imaginary impedance plots. The grain 
boundary conductivity of the YSZ used here, however, is very small, 
while no such contribution was detected by examination of the Pt/BiSm/Pt 
cell.

5. Porosity / Inhomogeneities
If porosity is present, the conductivity of the material at X-ray  

density (o-0) can be found from the relation [209]:

* =  <r0 (1“P)X (6.2)

where a is the actual conductivity, and P is the pore fraction in the 
sample. Values for x range between 1.5 and 3. With a density of around 
90% (so that 1-P =  0.9), the (1-P)X parameter could take values between 
0.85-0.73. However, since no information for x was available for the 
materials examined here, no attempt was made to estimate o-Q values.

Inhomogeneities and impurities can have considerable effects on 
conductivity/ diffusion coefficients. For this reason high quality starting 
materials were used. In the case of BSCCO, the sample was multiphase 
and therefore the oxygen conductivity found can only be considered as an 
average of different contributions.

6. Possible hole conductivity of blocking electrolytes
under certain conditions.
The conditions employed here were a temperature range of 350-850 

C and an atmosphere of air or oxygen. Voltages applied did not exceed 4 
V (usually 1 -2  V) and no blackening of the BiSm was observed. Under 
these conditions, an electronic (hole) conductivity of 2 -4  orders of 
magnitude lower than the ionic conductivity of the BiSm electrolyte is 
expected [206]. This might interfere with the measurement of the ionic 
conductivity of the mixed conductors, therefore, BiSm was mainly 
employed at temperatures lower than 500 C, at which hole conductivity 
will be at least 3 orders of magnitude smaller than the ionic.

164



6.1.4. The case of Ag

Oxygen diffusion in silver has been studied extensively in the past 
and a number of electrochemical techniques has been employed. In table
6.1 the available results (chemical diffusion coefficients) are listed.

Results are based either on gas-liquid diffusion cells or on 
electrochemical investigations. Potentiostatic, potentiometric or galvanostatic 
techniques have been used, [204] but as can be seen from table 6.1, there 
is a satisfactory agreement of the results. It can also be seen that the 
activation energy for temperatures higher than 950 C (silver is molten) is 
around 0.3-0.4 eV, while for lower temperatures (solid silver) the 
activation energy is around 0.5 eV.

In order to examine the applicability of the electrochemical technique 
suggested here, solid silver was examined and the results were compared 
to [216].
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Table 6.1: Oxygen diffusion coefficient in Ag.

Workers Diffusion coefficient Temp, range

Eichenauer &  Muller D= 3.66x10-3 exp[( 0.48eV )/kT] (412-862 C)
1962 [210]

Mizikar et al. D= 1.47x10-3 exp[( 0.31±0.14eV )/kT] (1000-1200 C)
1963 [211]

Masson &  Whiteway, D= 5.15x10“3 exp[( 0.43±0.11eV )/kT] (970-1200 C)
1967 [212]

Rickert &  El Miligy, D= 2.63x10-3 exp[( 0.32eV )/kT] (990-1220 C)
1968 [213]

Velho et al. D= 2.20x10-3 exp[( 0.34±0.06eV )/kT] (1000-1150 C)
1969 [214]

Sano et al. D= 3.00x10-3 exp[( 0.38±0.02eV )/kT] (1000-1200 C)
1970 [215]

Ramanarayanan &  Rapp D= 4.90x10-3 exp[( 0.50±0.06eV )/kT] (750-950 C)
1972 [216]

Otsuka &  Kozuka D= 1.81xl0-3 exp[( 0.33±0.06eV )/kT] (1000-1150 C)
1973 [217]

Park D= 3.20x10-3 exp[( 0.50eV )/kT] (740-915 C)
1990 [218]
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6.2. Impedance spectroscopy: Calculations and reproducibility

6.2.1. Calculation of conductivities for the complex cell

For the resistivity/ conductivity of the different processes, semicircles 
were graphically fitted to the Z ^ -Z ^  plots and the values were obtained 
from the intersection of the semicircles with the real (Z,') axis. From two 
to four semicircles were found to be present in the impedance plots. 
Some of them, especially at higher temperatures (>600 C), were 
depressed, their centre being under the real axis. Examining the 
impedance plots over the temperature range, it can be observed that high 
frequency semicircles which are well-defined at low temperatures, 
become too small to be observed at higher temperatures, while other, 
lower frequency semicircles appear fully. As a result, in all cases, 
impedance spectroscopy at lower temperature gives information on 
different processes rather than higher temperature measurements, a 
behaviour that is typical even in simple cells such as Pt/YSZ/Pt.

The wiring from the measurement apparatus, through the sample 
holder, leading to the sample, gives a resistance of approximately 2 Ohms 
at 600 C and 4 Ohms at 800 C. The obtained values from impedance 
spectroscopy were, therefore, corrected if they were of a similar order of 
magnitude (<100 Ohms).

In order to examine the reproducibility of the results, a number of 
parameters were considered and their effect was observed for typical cell 
arrangements.

6.2.2. The AC signal oscillating level

The oscillating level (amplitude) of the AC signal was examined 
during preliminary measurements for the cell Pt/BiSm/YBCO/BiSm/Pt at 
412 C and for the cell Pt/BiSm/BiSm/Pt between 450-475 C. No effect 
can be detected in the impedance plots for oscillating levels of 20 and 110 
mV. In some cases, low frequency data were slightly better defined if an 
oscillating level higher than 20 mV was employed. As a result, an 
oscillating voltage of an amplitude of 35 mV was chosen for the rest of 
the impedance measurements.
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6.2.3. Equilibration

Three cells were examined in order to find the effect of time 
allowed for equilibrium. Impedance values for the cell BiSm/YBCO/BiSm, 
at 412 C, in air, decreased by 25% in 80 min, as shown in figure 6.3. For 
the cell BiSm/Ag/BiSm, at 515 G, in air, impedance values for one 
semicircle remained constant, while for the other decreased by 12% in 126 
min. Finally for the cell YSZ/YBCO/YSZ, at 400 C, in air, a drop of 
40% was observed in 82 min.

Not all contributions were found to have the same behaviour with 
time. It would be expected that interface processes are affected with time 
since better contacts might be achieved through slow creep, or since 
improvement of the Pt electrodes with firing might occur. Another 
possibility is also the equilibration of the sample itself. Very long times 
should have been used in order to achieve full equilibrium, especially for 
YBCO and BSCCO, which are expected to have lower oxygen 
conductivity values than Ag. On the other hand, other contributions like 
the conductivity of the blocking electrolytes are expected to remain 
constant.

A  general trend of decrease of the obtained impedance values with 
time has been observed, but from these results, there is no clear 
indication of an equilibration time. As a result, one hour was decided to 
be used as a conventional time for achieving equilibrium.

6.2.4. Results on heating/cooling the cell

Examination of the impedance when heating/cooling the cell showed a 
systematic trend for lower impedance values when measurements were 
performed during cooling.

A typical example is given in figure 6.4 where two conductivity 
contributions of the cell BiSm/BPSCCO/BiSm are shown. In order to 
avoid the discrepancies present due to the different behaviour during 
heating/cooling, all measurements to be compared were performed when 
cooling. It can also be seen that the contribution represented by triangles 
is affected, while the other one (circles) is not. It seems possible, 
therefore, that this information can contribute to the interpretation and the 
assignment of the different contributions to physical processes.

In particular, improvement of the quality of the contacts as observed
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by firing the cell at higher temperatures (see also section 6.1.3(2)) 
suggests that the second contribution might be connected with the 
transport through the blocking electrolyte/mixed conductor interface. 
Another possibility is also that the mixed conductor behaves differently 
since it might not be fully equilibrated.
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Figure 6.3: Impedance spectra of the cell BiSm/YBCO/BiSm at 412 C in 
air. The spectrum a (points shown as +) was obtained 80 min later than 
the b (points shown as o). Numbers (1-7) on the impedance plots 
indicate the logarithm of the frequency at these points (lO^-lO  ̂ Hz).
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Figure 6.4: Conductivities of the contributions of the cell
BiSm/BPSCCO/BiSm when heating (filled symbols) and cooling (empty 
symbols).

171



6.3. Impedance spectroscopy results

6.3.1. The Pt/YSZ/YSZ/Pt and Pt/BiSm/BiSm/Pt cells

The YSZ/YSZ and BiSm/BiSm cells were examined as a reference. 
Since they are much simpler than the complex cells for the measurements 
of mixed conductors, the aim of these measurements was to observe the 
effect of the electrode-to-electrode interface and to provide a model to 
describe this behaviour.

Impedance spectroscopy of the BiSm/BiSm cell resulted in Z^-Z"" 
plots with three semicircles. A  spectrum of this cell at 295 C in air can 
be seen in figure 6.5. The conductivities for these contributions were 
calculated and their temperature dependence is shown in figure 6.6. The 
solid line represents the conductivity of BiSm, obtained by the cell 
Pt/BiSm/Pt. It can be seen that the highest conductivity contribution 
(semicircle A in figure 6.5) corresponds to the BiQ.25Smo.75O3. The 
contribution B can, therefore, be assigned to the electrode-to-electrode 
(BiSm/BiSm) interface and C to the BiSm/Pt electrode effect.

Examination of the YSZ/YSZ cell resulted in plots containing two 
semicircles (figure 6.7), however, the conductivities calculated, were found 
to be very small. As can be seen from figure 6.8, there is a very large 
difference between the conductivity of YSZ and the calculated 
conductivities of the cell.

A  similar investigation by Fabry et al. [219], resulted in a model 
identical to that presented here for BiSm/BiSm. The interface contribution 
was identified as a semicircle similar to the B semicircle in figure 6.5 and 
was ascribed to a simple two-plate capacitor model with a calculated 
distance of 1.5 /im between the two plates.

The only way to explain the results shown in figure 6.8 is a very 
badly shaped contact between the two samples, so that the surface area 
used to convert resistance to resistivity should be considerably smaller 
than the one employed. This argument is supported by the fact that the 
first contribution has the same slope (activation energy) as the 
conductivity of YSZ. Another observation leading to the same conclusion 
is the large degree of depression of the semicircle of the second 
contribution seen in figure 6.7. This depression can be explained if instead 
of a fixed distance (as in Fabry’s model), a largely varying distance 
between the two surfaces of the capacitor is considered. Each area of a 
constant distance would give a semicircle, displaced in comparison to one
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Figure 6.5: Impedance spectrum of the cell Pt/BiSm/BiSm/Pt at 295 C, in 
air. Two semicircles and the beginning of a third one appear.

Figure 6.6: The temperature dependence of the conductivity contributions 
of the cell Pt/BiSm/BiSm/Pt. The contribution A coincides with the 
conductivity of BiSm.
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Figure 6.7: Impedance spectrum for the cell Pt/YSZ/YSZ/Pt at 510 C, in 
air.

1000A  (K- 1 )
Figure 6.8: The temperature dependence of the conductivity contributions 
of the cell Pt/YSZ/YSZ/Pt. The dotted line has the same slope as 8YSZ, 
but is displaced to demonstrate the agreement with the slope of the 
conductivity of the contribution a .
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from another area. Many of these semicircles compose what appears in 
figure 6.7 as a largely depressed semicircle. This is also the description of 
the distributed elements used for the modelling of depressed semicircles. 

Measurements on the YSZ/YSZ cell were performed by J. Kajda.

6.3.2. Ag

Both YSZ and BiSm were used as blocking electrodes in order to 
examine Ag by impedance spectroscopy. All the measurements were 
performed in an oxygen atmosphere. In figure 6.9 a typical plot for the 
cell BiSm/Ag/BiSm at 445 C is presented. Examination of the results for 
both cells employed, showed the existence of four semicircles, some of 
them partially overlapping and, therefore, not clearly distinguishable.

The temperature dependence of the conductivity of the different 
contributions is shown in figure 6.10 for the BiSm/Ag/BiSm cell. The 
highest conductivity semicircle was again identified as the contribution of 
BiSm, however, none of the other contributions correlates with the 
expected conductivity for Ag and they could be attributed to some of the 
processes presented in 6.1.3. Contribution b has the same slope as 
contribution B of the BiSm/BiSm cell and it is possible, therefore, that is 
due to the BiSm/Ag interface.

Similarly, the results for the cell YSZ/Ag/YSZ are compared in 
figure 6.11. Again, the contribution of YSZ is identified and comparison of 
the rest of the contributions with the conductivity of Ag, shows a possible 
relation with contribution d. However, there are not enough points and 
data on this contribution can only be obtained at high temperatures/low 
frequencies, which practically means that the impedance values approach 
the DC conditions.

It seems, therefore, that it is difficult to obtain the conductivity of 
the mixed conductor with impedance spectroscopy at this range of 
temperatures (300-750 C) and frequencies (13MHz-5Hz). There is an 
indication, however, that at lower frequencies more information can be 
obtained.

6.3.3. YBCO

The cells BiSm/YBCO/BiSm and YSZ/YBCO/YSZ were examined. In 
figure 6.12, the evolution of the impedance spectra for the first cell from
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Figure 6.9: Impedance spectrum for the cell Pt/BiSm/Ag/BiSm/Pt at 350 
C, in oxygen.

Figure 6.10: Temperature dependence of the conductivity contributions of 
the cell Pt/BiSm/Ag/BiSm/Pt. The conductivities of BiSm and Ag are also 
shown.
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Figure 6.11: Temperature dependence of the conductivity contributions of 
the cell Pt/YSZ/Ag/YSZ/Pt. The conductivities of YSZ and Ag are also 
shown.
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300 to 700 C are shown. At lower temperatures the a, b and c semicircles 
can be distinguished, while at higher temperatures information for the 
semicircles b and d only can be obtained. The conductivity values 
obtained from these plots are shown in figure 6.13. The contribution a can 
be clearly attributed to BiSm, while comparison of the contribution b with 
contribution B of figure 6.6 (section 6.3.1, BiSm/BiSm cell) reveals that 
they have almost identical values. This indicates that contribution b can 
possibly be attributed to the contact resistance of the BiSm/YBCO 
interface and if this is so, this interface behaves very similarly to the 
BiSm/BiSm interface.

Examination of the YSZ/YBCO/YSZ cell shows that the spectra 
obtained (figure 6.14) have impedances of at least one magnitude larger 
than that for the cell using BiSm as blocking electrodes. From the 
conductivity values shown in figure 6.15, the contribution a agrees well 
with YSZ. The second contribution b, has the same slope as the second 
one of the cell YSZ/Ag/YSZ (figure 6.11) which might indicate that they 
are both due to similar processes. Attention is also drawn to b and d 
(figure 6.13) and b and c (figure 6.15) contributions. They have similar 
slopes and it is, therefore, possible that they describe the same processes, 
but it is not apparent to what processes they refer.

6.3.4. BPSCCO

Examination of the BiSm/BPSCCO/BiSm and YSZ/BPSCCO/YSZ cells 
was performed so that not only information for BPSCCO would be 
obtained, but a comparison of the behaviour of the electrochemical cells 
would also be possible.

Conductivity data from the first cell indicate the existence of three 
processes (see figure 6.4) out of which the first is attributed to the ionic 
conductivity of BiSm. The second has the same values as contribution B 
of the cell BiSm/BiSm and b of the cell BiSm/YBCO/BiSm. It seems, 
therefore that it is due to a common characteristic of these cells such as 
the interface between the pellets, in this case the BiSm/BSCCO interface.

The data on the YSZ/BPSCCO/YSZ cell are shown in figure 6.16. 
Four processes contribute to the conductivity of the cell. The first is due 
to YSZ, showing that this behaviour is consistent for all the cells, 
whether the blocking electrodes are YSZ or BiSm. Comparison of the 
contribution b with the second one of the cell YSZ/YBCO/YSZ (figure
6.15) shows that they have the same values (and also the same slope as
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Figure 6.12: Impedance spectra for the Pt/BiSm/YBCO/BiSm/Pt cell in the 
range 300-700 C, in oxygen.
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Figure 6.13: Temperature dependence of the conductivity contributions of 
the cell Pt/BiSm/YBCO/BiSm/Pt. The conductivity of contribution a is 
the same as that of BiSm.
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Figure 6.14: Impedance spectra for the Pt/YSZ/YBCO/YSZ/Pt cell in the 
range 350-850 C, in oxygen.
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Figure 6.15: Temperature dependence of the conductivity contributions of 
the cell Pt/YSZ/YBCO/YSZ/Pt. The conductivity of YSZ is also shown.
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Figure 6.16: Temperature dependence of the conductivity contributions of 
the cell Pt/YSZ/BPSCCO/YSZ/Pt. The conductivity of YSZ coincides with 
that of contribution a.
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the contribution b of the cell YSZ/Ag/YSZ). In this case, the same 
argument as for the BiSm cell, can be put forward; the YSZ/BPSCCO 
interface behaves exactly like the YSZ/YBCO and in a similar way to the 
YSZ/Ag interface.

Nevertheless, the conclusion from comparison of the results of the 
two cells having BPSCCO as the mixed conductor is that none of the 
other contributions have the same values in the two assemblies, in which 
case they would attributed to the conductivity of BPSCCO.

Measurements on the YSZ/BPSCCO/YSZ cell were performed by X. 
Turrillas.

6.3.5. Model for AC data

The information obtained from the impedance spectroscopy 
measurements using different blocking electrodes and different mixed 
conductors provides a basis for the interpretation of the observed 
conductivity contributions.

A  general consideration of the number of conductivity contributions 
(semicircles in Z ^ -Z ~  plots) for the different cells examined, shows that 
(table 6.2):
(i) One more contribution is obtained when YSZ is used instead of BiSm 
in the YBCO and BSCCO containing cells, and
(ii) One contribution more than when BSCCO is used, appears when 
YBCO is the mixed conductor.
Table 6.2: Number of conductivity contributions for the different cells

Mixed conductors Blocking electrodes BiSm YSZ
Ag 4 4
YBCO 4 5
BSCCO 3 4

An explanation for (i) can be that the Pt/YSZ interface is much 
more resistive than the Pt/BiSm which cannot be distinguished since there 
are other, possibly overlapping contributions.

From (ii), the cells containing YBCO obviously have an extra 
characteristic that should be taken into account for further consideration. 
It could be due to a secondary conductivity route like short circuiting 
through triple contacts, grain boundary conductivity or conductivity
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through cracks or other imperfections.
Examination of the conductivity contributions showed that in the cells 

examined here, the highest conductivity (and highest frequency) semicircle 
was due to the blocking electrodes. Attention has to be paid in the 
calculation of resistivity from resistance, so that the dimensions of the 
blocking electrolytes are used for this contribution. On the other hand, in 
order to calculate resistivity values that are or might be related with the 
mixed conductor, its thickness was considered.

The contribution usually described as b has been attributed to the 
blocking electrode/mixed conductor interface. In all the BiSm containing 
cells (without mixed conductor, with YBCO, BPSCCO) it has the same 
values versus temperature, while in the case of Ag, it has the same slope 
but higher values. In the YSZ cell with YBCO it also has the same values 
as the YSZ with BPSCCO. Similarly, higher values are obtained when Ag 
is used, but the slope is the same as that in the other YSZ containing 
cells.

Using either YSZ or BiSm, Ag makes a better contact probably 
because of plastic deformation, since it has a very low melting point of 
962 C [188]. After the measurements, Ag was found to have adhered 
firmly to the YSZ or BiSm pellets. Higher conductivity values for 
contribution b in the cells containing Ag is thus justified.

The same contribution has been attributed to the interface by Fabry 
et al. [219] for the YSZ/YSZ cell and also by Maier et al. [217] using the 
YSZ/YBCO/YSZ cell.

For the other contributions, one is probably due to the electrode 
effect (Pt/YSZ interface). Since, however, there was no agreement of any 
of the contributions when comparing cells with the same mixed conductor 
but different blocking electrodes and since the Ag conductivity could not 
be determined, it seems that impedance spectroscopy applied under the 
present conditions cannot assist in the determination of the oxygen 
conductivity of mixed conductors.

On the other hand Vischjager et al. [127] and Maier et al. [208,220] 
claim that they determined the oxygen conductivity of YBCO; there is no 
agreement, however, between their results. In one case [127] the a and b 
conductivity contributions are assigned to bulk and grain boundary 
conductivities of the mixed conductor (YBCO). In the other case [208,220] 
not enough information is given as to how the oxygen conductivity was 
calculated. Preliminary AC data collected in collaboration with Delft 
University will be published [221].
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6.4. DC polarization experimental considerations

6.4.1. Non-linearity of I -V  curves

When an electrical circuit or in the particular case, an electrochemical 
cell, has ohmic behaviour, the resulting resistance is constant irrespective 
of the currents/voltages used.

Examination of the cells employed here, showed that under certain 
conditions, application of DC currents of different intensities resulted in 
resistances varying by a factor of 4 or in some cases even more.

In terms of current versus voltage behaviour, an ohmic system gives a 
straight line. A  typical example of the behaviour that can arise using 
complex electrochemical cells, is shown in figure 6.17. At small 
currents/voltages there is a large deviation from linearity which becomes 
smaller as the current/voltage is increased. For the cell YSZ/Ag/YSZ, 
small deviations were detected at higher temperatures (700-800 C), which 
became larger at lower temperatures (<=600 C). Taking into account that 
the voltage cannot be increased considerably since the potential created 
might affect the electrolytes, it seems that there is a temperature-voltage 
"window" of ranges, under which measurements can be performed so that 
the system will display ohmic behaviour. When the overall conductivity of 
the cell becomes very small, large voltages are necessary in order to 
enter the linear range of I -V  plots and therefore a lower temperature 
limit exists for these measurements.

When 8YSZ is used as the blocking electrolyte, the cell will display 
linear (ohmic) behaviour if it is operated at temperatures higher than 500 
C, since its conductivity drops significantly below this temperature. On the 
other hand, BiSm is a better oxygen conductor and can be used at even 
lower temperatures, employing reasonably small voltages (1 V max), so 
that no problem, such as blackening (reduction) of the electrolyte occurs.

6.4.2. Voltage vs. time behaviour

Before each measurement, a time of one hour was allowed for 
equilibration of the cells at each temperature.

In the way that the DC technique is applied here, steady state 
measurements are necessary for the calculation of conductivity. On the 
application of a current, however, the voltage developed along the
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Figure 6.17: The deviation of the I -V  (current-voltage) curve from 
linearity for the cell Pt/YSZ/Ag/YSZ/Pt at 600 C in air. At high voltages, 
values approach Ohm’s law (dotted line).
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complex cell is only stabilized after a certain time.
The behaviour of the voltage of the YSZ/YBCO/YSZ cell at different 

temperatures can be seen in figure 6.18. At 812 C the voltage decreases 
and about 20 min. are enough to reach equilibrium. At lower 
temperatures the voltage drops and and even after 45 min., equilibrium 
was not reached. Measurements were stopped at that point since after 
studying another cell for 2 days, it was estimated that the error would be 
less than 5%.

Examination of the voltage of the cell YSZ/Ag/YSZ (figure 6.19) 
shows that since Ag is a faster conductor than YBCO, equilibrium is 
achieved in a much shorter time. It has to be noted that even though at 
both 600 and 800 C the voltage increases to reach a steady value, at 700 
C it increases initially only to start decreasing after the first 3 -5  min. 
Other measurements on Ag performed over 1-4 h. indicated either a very 
small change (increase/decrease) or fluctuation of the voltage around a 
certain value.

As a result, the time used in order to obtain equilibrium values for 
the voltage across the cell varied for the different cell assemblies, 
depending on the temperature and the materials examined (both the 
blocking electrode and the mixed conductor).
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Figure 6.18: The time dependence of the voltage across the
YSZ/YBCO/YSZ cell at different temperatures in oxygen. Current= 1 mA.

189



Vo
lta

ge
 (

V)

f

Figure 6.19: The time dependence of the voltage across the YSZ/Ag/YSZ 
cell at different temperatures in air. Current= 1 mA.
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6.5. DC results

6.5.1. Ag results

Ag was examined by the DC polarisation technique, in air. When the 
YSZ/Ag/YSZ cell was employed, a time of 30 min. was shown to be 
enough for equilibrium in the range 600-800 C, when a current of 1 mA 
was used. For the BiSm/Ag/BiSm cell, times between 60 and 100 min. 
were used, even though changes of less than 2% occurred after the first 
10 min. at 450 and 475 C, using a current of 10 iiA.

The conductivity of oxygen in Ag versus temperature is presented in 
figure 6.20. It can be seen that values determined from the 
BiSm/Ag/BiSm cell at lower temperatures agree with those determined 
using the YSZ/Ag/YSZ cell at higher temperatures. This is an important 
finding since it signifies that the same property is measured in both cells. 
Even more significantly, these results agree with the conductivity data 
(solid line) calculated using the results of Ramanarayanan and Rapp [216].

6.5.2. YBCO results

DC measurements were similarly performed in YBCO, in 0 2 ? using 
YSZ as the blocking electrolyte. A series of measurements in the range 
480-600 C, using a current of 0.1 mA, resulted in voltages between 0.7 
and 4 V. The cell voltage was monitored over long times (24-55 hours) 
in order to examine the cell behaviour. It was concluded that after 
approximately two hours, the voltage was stabilized at a certain value and 
subsequently fluctuated around it in a range of 0.3 to 2%. The YBCO 
sample used had a density of 5.51 g/cm? (86% of X-ray).

The second series of measurements was performed with different YSZ 
and YBCO samples (YBCO density 4.42 g/cm^ -  69% of X-ray), in the 
range 622-812 C. A  current of 1mA was employed and voltages between 
0.5 and 3 V were obtained. A  time of approximately 20-45 min. was 
allowed for equilibration as seen in figure 6.18.

In figure 6.21 the diffusivity of YBCO versus temperature is shown. 
It can be seen that results from the two different assemblies cannot be 
distinguished. One measurement, performed with BiSm electrodes, resulted 
in a conductivity value of 3 .4 x1 0 “ 5 Ohm- 1cm- 1 at around 600 C which is 
near the values obtained with the YSZ electrodes.
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6.5.3. BPSCCO results

A BPSCCO sample was also examined over the range 500-705 C, 
using a YSZ/BPSCCO/YSZ cell. The oxygen diffusivity results are 
shown in figure 6.21, in comparison with the diffusivity of YBCO. 
BPSCCO has a higher diffusivity than YBCO, even though it does not 
have an oxygen deficiency or stoichiometry variations as does YBCO.

It has to be mentioned, however, that since the BPSCCO sample was 
multiphase (with 2212 as the majority phase), the oxygen diffusivity 
obtained here represents an average of all the phases present.

,  ' - '

Preliminary measurements for YBCO and BPSCCO oxygen mass 
transport have been published [222].
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Figure 6.20: The oxygen diffusivity of Ag from the DC polarisation 
method versus temperature, in air. Solid line represents results calculated 
from reference [216].
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Figure 6.21: Oxygen diffusivity versus temperature for YBCO and 
BPSCCO by the DC polarisation technique.
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6.6. Discussion: conductivity and diffusion coefficient

6.6.1. Ag

For the calculation of conductivity (<r0), oxygen diffusion (D0) and 
solubility (nQ) data were used in the relation (6.3):

°o no Qo  ̂
Dq k T (6.3)

Since the moving species are oxygen ions, the charge q0 is equal to the 
charge of two electrons (q0=2e). The problem in the application of this 
equation for Ag is that the self diffusion coefficient (Dq) is necessary, 
while only chemical diffusion coefficient data are available. From oxygen 
solubility data in liquid silver in oxygen pressures up to 1 atm. [223], it 
was shown that Sievert’s Law (Henry’s Law) is obeyed. This implies that 
in solid silver, where oxygen solubility is even lower, Henri’s Law will be 
followed too. It would be, therefore, safe to assume that the 
thermodynamic factor that would enable the conversion of chemical to 
self diffusion coefficient values is equal to 1. As a result, direct 
comparison of the (self) diffusion coefficients calculated from conductivity 
data with the (chemical) ones from the literature is possible.

Using the conductivity data from the DC technique applied here in 
equation 6.3, the oxygen diffusion coefficient in Ag can be calculated to 
give:

D*= 4.98x10-3 exp[ ( 0.50 ± 0.13 eV) / kT ]

The pre-exponential factor can be expressed as exp(-5.3 ± 2.0). A 
confidence level of 95% was considered for the calculation of the 
confidence interval. Comparing this with results from [210, 216, 218] from 
table 6.1, a very good agreement can be observed, as is also shown in 
figure 6.20.

It can be concluded that the DC method gives satisfactory results, 
especially since cell assemblies provide consistent data irrespectively of the 
blocking electrodes employed.
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6.6.2. YBCO

In order to apply the equation 6.3 for the calculation of the self 
diffusion coefficient of YBCO from oxygen conductivity data, the charge 
(q0) and the available sites (nQ) for the moving species have to be used.

As in the case of Ag, a charge of two electrons has been assumed. 
The available sites for oxygen, taking into account that conduction takes 
place on the basal plane (see chapter 2.4), are the 0 5  sites, therefore, 
one site per cell is available. Using the cell volume of YBCO, this is 
calculated to be no= 5.78x10^ sites/cm3. Jt can be argued that the oxygen 
deficiency at temperatures higher than 400-450 C should be taken into 
account; however this would not affect the results significantly. Instead of 
one site, 1.6-1.7 sites would be available at the highest temperatures 
which is not a significant factor when exponentially varying values are 
considered.

Calculation of the self diffusion coefficients from the conductivity 
data presented in figure 6.21 and fitting, results in the following relation:

D* =  5.8x10-4 exp [ ( 0.99 ± 0.11 eV )/ kT ]
for the diffusion coefficient of oxygen in YBCO. The pre-exponential 
factor can be expressed as exp(-7.44 ± 1.5) for a 95% confidence level.

Comparison of this diffusion coefficient with the available literature 
data in figure 6.22 indicates considerable agreement with the data of 
Routbort et al. [119] and Sabras et al. [224], which are considered to be 
reliable since the I60 /I80  exchange/SIMS method was used to obtain 
them.

A large spread of data (± 2 or even 3 orders of magnitude) from 
different measurements can also be observed especially when different 
experimental techniques have been used. In some cases, even the same 
techniques give different results. This could be due to the fact that 
different processes might be measured. Routbort et al. [119], apart from 
the average diffusion coefficient shown in figure 6.22, measured a slow 
diffusion component in the c-axis direction of single crystals, while on 
the other hand, Sabras et al. [224] also measured a much faster diffusion 
component attributing it to grain boundary diffusion. It is also possible 
that surface exchange might be influencing some of the other 
measurements and in this way the largely different values and activation 
energies obtained can be explained.
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Figure 6.22: The oxygen diffusion coefficient of YBCO versus
temperature. Comparison with literature results.
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6.7. Conclusions

Two measurement techniques have been employed, using a complex 
electrochemical cell assembly, in order to measure the oxygen conductivity 
in mixed conductors and especially in Ag, YBCO and BSPCCO.

Impedance spectroscopy measurements were performed with either 
YSZ or BiSm as the electron blocking electrolytes. The magnitude of the 
AC signal oscillating level was found to have practically no effect 
between 20-110 mV. The time allowed for equilibration was set at one 
hour since no systematic behaviour could be observed to the increase of 
some of the conductivity contributions. Also, conductivity values were 
found to be higher when cooling a sample rather than when heating it 
and that was attributed to either the establishment of better contacts at 
high temperatures or to the fact that the mixed conductors were only 
partially equilibrated. Measurements were performed when cooling the 
cell.

Examination of the spectra obtained from the Pt/BiSm/BiSm/Pt and 
Pt/YSZ/YSZ/Pt cells, showed that the conductivity of the blocking 
electrolyte could be identified and a second conductivity contribution was 
attributed to the resistance of the electrolyte-electrolyte interface.

For the complex cells Pt/BiSm/Ag/BiSm/Pt and Pt/YSZ/Ag/YSZ/Pt, 
several conductivity contributions were obtained but none of them could 
be attributed to the conductivity of Ag. Using YBCO or BPSCCO in the 
place of the mixed conductor in these cells, the conductivity contributions 
of the blocking electrolyte and possibly of the blocking electrolyte/mixed 
conductor interface were identified, however, there was no indication that 
any of the other contributions were due to the mixed conductor. It was, 
therefore, concluded that in the range which these measurements were 
performed (temperature 300-800 C, frequency 13MHz-5Hz) no 
information on the oxygen conductivity of the mixed conductors could be 
obtained.

Measurements of the complex cells by DC polarisation presented a 
problem because of non-linearity of I -V  curves (non-ohmic behaviour) 
and selection of current/voltage in the linear region was necessary. The 
time required for the stabilization of the voltage developed across the cell 
had also to be taken under consideration. For the cell containing Ag, a 
shorter time was necessary than for the YBCO or BPSCCO containing 
ones. In general, higher temperatures also resulted in shorter stabilization 
times.
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DC polarization gave consistent results using either BiSm or YSZ 
blocking electrodes and the oxygen conductivity of Ag was successfully 
determined. The diffusion coefficient was calculated from conductivity 
results for YBCO and it was found to agree well with some of the results 
presented in the literature. Results for BPSCCO are the first to be 
presented and a slightly higher oxygen conductivity than for YBCO was 
found for this multiphase sample.

Problems inherent to the techniques applied here were presented, 
such as a contribution of the blocking electrolyte/ mixed conductor 
interface, short circuiting routes for oxygen, a possible interference from 
the hole conductivity of the blocking electrolytes, sample equilibrium and 
problems because of porosity/ inhomogeneity of the materials to be 
examined. These problems have to be taken under consideration when the 
DC or impedance techniques are applied. A four-point ionic arrangement, 
instead of the two point employed here, could be used to eliminate 
sources of error such as contact resistances, as suggested by Dudley and 
Steele [225].
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7. FINAL CONCLUSIONS

The development of fabrication technologies, as well as the 
knowledge of the behaviour and the properties of the material are 
necessary in order to produce commercial applications using the unique 
properties of ceramic high Tc superconductors.

A  number of fabrication techniques for YBCO were examined and 
compared as part of this work. Optimization of the starting materials for 
Ba for the solid state preparation method, where a mixture of the 
precursors is ground and fired in order to give the right phase, showed 
that Ba02 gives very good results, while BaCC>3 results in material of 
slightly lower quality when the final product was examined by XRD, SEM 
and Tc measurements. Ba(OH2) as a precursor for Ba, results in 
multiphase material.

Evaporation of nitrates was a second technique employed and it 
resulted in non-reproducible results, without offering any advantage over 
the solid state route.

Application of freeze-drying gave poor results, steps were made, 
however, in order to identify the reasons. Adjustment of the pH of the 
solutions used, made the stage of removing the water from the frozen 
droplets possible without melting. The remaining salts incorporated water 
in the crystalline state and when heating, they melted, losing any 
advantages over the particle size or chemical homogeneity, compared to 
other methods. Changing the nitrates to other salts, or modifying the 
apparatus would, therefore, be necessary in order to apply this method 
successfully.

Mist pyrolysis, using an ultrasonic atomizer and passing the fine mist 
through a furnace, resulted in very good, single phase YBCO powders, 
with particle size ranging from 0.2-0.6 nm. The bulk material produced 
had good superconductive properties. Further work should be concentrated 
on the development of this technique, optimization of the use of 
equipment and scaling-up of the production to pilot plant (and later on 
to commercial) scale.

Potassium doping in the place of Ba in REBa2Cu3C>7_5 resulted in a 
different behaviour when different rare earths (RE) were used in the 
central cation site. There was little or no effect when Y was used (apart 
from grain enlargement under certain conditions), while a depression of 
Tc and appearance of second phases was observed for Er, Gd and Nd. In 
most cases, only a small amount of the potassium, originally included in
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the sample, remained after firing. The grain enlargement observed can be 
beneficial for producing samples with large, oriented grains.

The orthorhombic-to-tetragonal transition was determined to occur 
between 650 and 675 C. An attempt to influence the transition 
temperature by potassium doping had, according to in—situ neutron 
diffraction, no result, even though X-ray diffraction on quenched material 
indicated an increase of the O -T  transition temperature of 100 degrees 
for 10% K-doping.

Oxygen mass transport is important for YBCO, since superconductivity 
depends on oxygen stoichiometry. Two electrochemical techniques, 
impedance spectroscopy and DC polarization were employed, in order to 
determine the oxygen conductivity and diffusion coefficient in mixed 
conductors. Ag was examined as a reference material, in order to evaluate 
these techniques. The BSCCO superconductor was also examined.

A  number of conductivity contributions from the complex cells 
employed was observed by impedance spectroscopy. Some of these 
contributions were identified, none of them, however, could be attributed 
to the conductivity of the mixed conductors. Further work is needed so 
that the various contributions can be unambiguously attributed to specific 
physical processes. This work should include the comparison of dielectric 
constants for each contribution, the measurement of the "electrode effect" 
by examination of the Pt/YSZ/Pt cell with Pt electrodes of the same 
quality and also the examination of some of the common characteristics of 
the behaviour of conductivity contributions of different cells versus 
temperature.

DC polarisation measurements were successful in the determination of 
the oxygen conductivity for Ag and results for YBCO agree well with 
some of the results presented in the literature. The measurements for 
BPSCCO show an average oxygen conductivity of the multiphase sample, 
which is higher than that for YBCO.

Examination of Ag in different atmospheres is necessary, and 
four-point contact assemblies can be used in order to obtain more 
accurate measurements. ^ o /18q  exchange and SIMS can provide self 
diffusion coefficients to be compared with those calculated using the 
electrochemical techniques.

Experimental precautions and problems inherent to the electrochemical 
techniques employed here were also presented. Equilibrium of the 
samples, contact resistances short circuiting routes and other possible 
sources of interference have to be taken under consideration when these 
techniques are applied.
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APPENDIX 1: The relation between chemical and self diffusion coefficient

If the relation 2.4.18 is considered and the following equation A l.l is 
used instead of 2.4.19 (activity is not considered equal to concentration),

d/q = R T din ai (A l.l)

the following results:

R T din aiJi = -  q  B i -----------  --------------------  (A1.2)N dx

Substituting Bi from the Nerst-Einstein equation (2.4.21) and q  from 
A1.3:

dqq  = ------------------------------  (A1.3)din q

the relation obtained is:

dq D* RT din a;Ji -------------------------------------------------- (A1.4)dlncj kT N dx

By rearranging, it can be observed that it takes the form of the first law 
of Fick:

din ai dqJi =  -  D * --------------------(A1.5)din q  dx

where the chemical diffusion coefficient is:

din qD =  D* ------------  (A1.6)din q

The expression (dlnai/dlnq) is called the thermodynamic factor.
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APPENDIX 2: The calculation of the thermodynamic factor dlna/dlnc for 
YBCO

Assuming that oxygen diffusion takes place through the oxygen sites 
in the Cul plane, as suggested by figure 2.14 and that the atomic jump is 
isotropic, neglecting the site distribution in the orthorhombic phase, the 
following relation can be derived:

D = D* din Sq 
din c0

dlog Pq 2
D  --------dlog y (A1.7)

where Pq 2 is the partial oxygen pressure and c0 is the concentration of 
oxygen atoms in the Cul plane in YBa2Cu306+y. Using the (log P o 2) vs* 
(log y) data obtained by Kishio et al. [121] from thermogravimetric 
measurements (see figure A .l), the thermodynamic factor can be 
calculated from the slopes of the curves at log Pq 2=0. The results are 
given below in the table A.l. This derivation assumes a very simple 
relationship between the vacancy concentration and the oxygen partial 
pressure. More complicated relationships can be derived [226].

Table A.1; The thermodynamic factor 
at different temperatures.

T(C) Therm.factor

350 113
400 86.3
450 66.5
500 36
550 22.8
600 15.4
650 10.8
700 9.82
750 8.16
800 6.5
850 5.7
900 4.34
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l °  g ( P 0  2 /  a  *-ra)

Figure A.l: The relation between log y and log Pq 2 for YBa2Cu3C>6+y. 
The thermodynamic factor, connecting chemical and self diffusion 
coefficients, can be obtained from the slope of these curves.
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APPENDIX 3; Typical Impedance Spectroscopy Data
These data were collected by the microcomputer controlling the HP frequency response analyser as described in section 3.3.10 (fig.3.7).

File : BISM27AG.DAT Cell : Pt/BiSm/Ag/BiSm/Pt Furnace Temperature : 500 C Sample Temperature : 467 C Atmosphere : C>2
Frequency (Hz) Z real (Ohms) Z imag. (Ohms)
5.0000000000E+00 
5.011 OOOOOOOE+OO 
5.6230000000E+00 
6.3090000000E+00 
7.0790000000E+00 
7.9430000000E+00 
8.9120000000E+00 
1.0000000000E+01 
1.1220000000E+01 
1.2589000000E+01 
1.4125000000E+01 
1.5848000000E+01 
1.7782000000E+01 
1.9952000000E+01 
2.2387000000E+01 
2.5118000000E+01 
2.8183000000E+01 3.1622000000E+01 
3.5481 OOOOOOE+Ol 
3.9810000000E+01 
4.4668000000E+01 
5.0118000000E+01 
5.6234000000E+01 
6.3095000000E+01 
7.0794000000E+01 
7.9432000000E+01 
8.9125000000E+01 
1.0000000000E+02 
1.1220100000E+O2 
1.2589200000E+02 
1.4125300000E+02 
1.5848900000E+02 
1.7782700000E+02 
1.9952600000E+02 
2.2387200000E+02 
2.5118800000E+02 
2.8183800000E+02 
3.1622700000E+02 
3.5481300000E+02 
3.9810700000E+02 
4.4668300000E+02 
5.0118700000E+02 
5.6234100000E+O2 
6.30957OOOOOE+02 
7.0794500000E+02 
7.9432800000E+02

1.1400000000E+03 
1.1400000000E+03 
1.1100000000E+03 
1.0800000000E+03 
1.0600000000E+03 
1.0300000000E+03 
1.01OOOOOOOOE+03 
9.8000000000E+02 
9.6000000000E+02 
9.4000000000E+02 
9.2000000000E+02 
9. OOOOOOOOOOE+02 
8.8000000000E+02 
8.6000000000E+02 
8.4000000000E+02 
8.2000000000E+02 
8.0000000000E+02 
7.8000000000E+02 
7.7000000000E+02 
7.5000000000E+02 
7.4000000000E+02 
7.2000000000E+02 
7.1000000000E+02 
7.0000000000E+02 
6.8000000000E+02 
6.7000000000E+02 
6.6000000000E+02 
6.5000000000E+02 
6.4000000000E+02 
6.3000000000E+02 
6.2000000000E+02 
6.1000000000E+02 
6.0000000000E+02 
5.9000000000E+02 
5.8000000000E+02 
5.7000000000E+02 
5.6000000000E+02 
5.6000000000E+02 
5.5000000000E+02 
5.4000000000E+02 
5.3500000000E+02 
5.2900000000E+02 
5.2300000000E+02 
5.1700000000E+02 
5.11 OOOOOOOOE+02 
5.0500000000E+02

-3.5000000000E+02 
-3.5000000000E+02 
-3 .5000000000E+02 
-3.4000000000E+02 
-3 .4000000000E+02 
-3.3000000000E+02 
-3.2000000000E+02 
-3.1OOOOOOOOOE+02 
-3. OOOOOOOOOOE+02 
-3 .OOOOOOOOOOE+02 
-2 .9000000000E+02 
-2.8000000000E+02 
-2.7000000000E+02 
-2.6000000000E+02 
-2.6000000000E+02 
-2.5000000000E+02 
-2.4000000000E+02 
-2 .3000000000E+02 
-2.2000000000E+02 
-2 .2000000000E+02 
-2.1000000000E+02 
-2 .0000000000E+02 
-2 .0000000000E+02 
-1.9000000000E+02 
-1.8000000000E+02 
-1.8000000000E+02 
-1.7000000000E+02 
-1.6000000000E+02 
-1.6000000000E+02 
-1.5000000000E+02 
-1.5000000000E+02 
-1.4000000000E+02 
-1.4000000000E+02 
-1.3000000000E+02 
-1.3000000000E+02 
-1.2000000000E+02 
-1.2000000000E+02 
-1.1000000000E+02 
-1.1 OOOOOOOOOE+02 
-1 .0000000000E+02 
-9 .9000000000E+01 
-9 .5000000000E+01 
-9.2000000000E+01 
-8 .8000000000E+01 
-8.5000000000E+01 
-8.1000000000E+01
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8.9125000000E+02 
1 .OOOOOOOOOOE+03 
1.1220180000E+03 
1.2589250000E+03 
1.4125370000E+03 
1.5848930000E+03 
1.7782790000E+03 
1.9952620000E+03
2.238721 OOOOE+03 
2.5118860000E+03 
2.8183820000E+03 
3.1622770000E+03 
3.5481330000E+03 
3.9810710000E+03 
4.4668350000E+03 
5.0118720000E+03 
5.6234130000E+03 
6.3095730000E+03 
7.0794570000E+03 
7.9432820000E+03 
8.9125090000E+03 
1.0000000000E+04 
1.1220180000E+04 
1.2589250000E+04 
1.4125370000E+04 
1.5848930000E+04 
1.7782790000E+04 
1.9952620000E+04 
2.2387210000E+04 
2.5118860000E+04 
2.8183820000E+04 
3.1622770000E+04 
3.5481330000E+04 
3.9810710000E+04 
4.4668350000E+04 
5.0118720000E+04 
5.6234130000E+04 
6.3095730000E+04 
7.079457OOOOE+04 
7.9432820000E+04 
8.9125090000E+04 
1.0000000000E+05 
1.1220180000E+05 
1.2589250000E+05 
1.4125370000E+05 
1.5848930000E+05 
1.7782790000E+05 
1.9952620000E+05
2.238721 OOOOE+05 
2.5118860000E+05 
2.8183820000E+05 
3.1622770000E+05 
3.5481330000E+05 
3.981071 OOOOE+05 
4.4668350000E+05 
5.0118720000E+05 
5.6234130000E+05 
6.3095730000E+05 
7.0794570000E+05 
7.9432820000E+05

5. OOOOOOOOOOE+02 
4.9500000000E+02 
4.9000000000E+02 
4.8500000000E+02 
4.8100000000E+02 
4.7600000000E+02 
4.7200000000E+02 
4.6800000000E+02 
4.6400000000E+02 
4.61OOOOOOOOE+02 
4.5800000000E+02 
4.5400000000E+02 
4.51 OOOOOOOOE+02 
4.4800000000E+02 
4.4500000000E+02 
4.4200000000E+02 
4.3900000000E+02 
4.37 OOOOOOOOE+02 
4.3400000000E+02 
4.3200000000E+02 
4.3000000000E+02 
4.2800000000E+02 
4.2600000000E+02 
4.2400000000E+02 
4.2200000000E +02 
4.2000000000E+02 
4.1800000000E+02 
4.1700000000E+02 
4.1500000000E+02 
4.1400000000E+02 
4.1200000000E+02 
4.1100000000E+02
4.1 OOOOOOOOOE+02 
4.0900000000E+02 
4.0800000000E+02 
4.0700000000E+02 
4.0600000000E+02 
4.0500000000E+02 
4.0400000000E+02 
4.0300000000E+02 
4.0200000000E+02
4.01 OOOOOOOOE+02 
4 .OOOOOOOOOOE+02 
4.0000000000E+02 
3.9900000000E+02 
3.9800000000E+02 
3.9800000000E+02 
3.97 OOOOOOOOE+02 
3.9600000000E+02 
3.9600000000E+02 
3.9500000000E+02 
3.9400000000E+02 
3.9400000000E+02 
3.9300000000E+02 
3.9200000000E+02 
3.91 OOOOOOOOE+02 
3.9000000000E+02 
3.8900000000E+02 
3.8800000000E+02 
3.8700000000E+02

-7.8000000000E+01 
-7.5000000000E+01 
-7.2000000000E+01 
-6.9000000000E+01 
-6.7000000000E+01 
-6.4000000000E+01 
-6.1 OOOOOOOOOE+Ol 
-5.9000000000E+01 
-5.7000000000E+01 
-5 .4000000000E+01 
-5 .2000000000E+01 
-5.0000000000E+01 
-4 .8000000000E+01 
-4 .6000000000E+01 
-4 .4000000000E+01 
-4.2000000000E+01 
-4. OOOOOOOOOOE +01 
-3 .9000000000E+01 
-3.7000000000E+01 
-3 .5000000000E+01 
-3.4000000000E+01 
-3 .3000000000E+01 
-3.1 OOOOOOOOOE+Ol 
-3.0000000000E+01 
-2 .9000000000E+01 
-2 .7000000000E+01 
-2 .6000000000E+01 
-2.5000000000E+01 
-2 .4000000000E+01 
-2 .3000000000E+01 
-2 .2000000000E+01 
-2.1 OOOOOOOOOE+Ol 
-2.1 OOOOOOOOOE+Ol 
-2 .0000000000E+01 
-1.9000000000E+01 
-1.9000000000E+01 
-1.8000000000E+01 
-1.8000000000E+01 
-1.7000000000E+01 
-1.7000000000E+01 
-1.7000000000E+01 
-1.7000000000E+01 
-1.7000000000E+01 
-1.7000000000E+01 
-1.7000000000E+01 
-1.7000000000E+01 
-1.8000000000E+01 
-1.8000000000E+01 
-1.9000000000E+01 
-2.0000000000E+01 
-2. OOOOOOOOOOE+01 
-2 .2000000000E +01 
-2 .3000000000E+01 -2.4000000000E +01 
-2 .6000000000E+01 
-2.8000000000E+01 
-3.1 OOOOOOOOOE+Ol 
-3.3000000000E+01 
-3 .6000000000E+01 
-3.9000000000E+01
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8.9125090000E+05 
1.0000000000E+06 
1.1220180000E+06 
1.2589250000E+06 
1.4125370000E+06 
1.5848930000E+06 
1.7782790000E+06 
1.9952620000E+06
2.238721 OOOOE+06 
2.5118860000E+06 
2.8183820000E+06 
3.1622770000E+06 
3.5481330000E+06 
3.9810710000E+06 
4.4668350000E+06 
5.0118720000E+06 
5.6234130000E+06 
6.3095730000E+06 
7.0794570000E+06 
7.9432820000E+06 
8.9125090000E+06 
1.0000000000E +07 
1.1220185000E+07 
1.2589254000E+07 
1.3000000000E+07

3.8500000000E+02 
3.8300000000E+02 
3.81 OOOOOOOOE+02 
3.7800000000E+02 
3.7600000000E+02 
3.7200000000E+02 
3.6800000000E+02 
3.6300000000E+02 
3.5600000000E+02 
3.4900000000E+02 
3.41 OOOOOOOOE+02 
3.3200000000E+02 
3.2000000000E+02 
3.0800000000E+02 
2.9400000000E+02 
2.7900000000E+02 
2.6200000000E+02 
2.4500000000E+02 
2.2600000000E+02 
2.07 OOOOOOOOE+02 
1.8900000000E+02 
1.7200000000E+02 
1.5500000000E+02 
1.4000000000E+02 
1.3600000000E+02

-4.3000000000E+01 
-4.7000000000E+01 
-5.1 OOOOOOOOOE+Ol 
-5.6000000000E+01 
-6.1 OOOOOOOOOE+Ol 
-6.7000000000E+01 
-7.3000000000E+01 
-8.0000000000E+01 
-8.7000000000E+01 
-9 .4000000000E+01 
-1.01 OOOOOOOOE+02 
-1.0800000000E+02 
-1.1500000000E+02 
-1.21 OOOOOOOOE+02 
-1.2600000000E+02 
-1.3000000000E+02 
-1.3200000000E+02 
-1.3300000000E+02 
-1.3100000000E+02 
-1 .2600000000E+02 
-1.1900000000E+02 
-1.1100000000E+02 
-1.0000000000E+02 
-8.8000000000E+01 
-8.4000000000E+01
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