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We report on a study of single-phase (superconducting) YBa 2Cu ;}07 and (nonconducting) Y 2 B a C u 0 5 and mixed 
phases of these compounds in bulk and film samples and on an investigation of ceramic bulk material of the 
homologous series Tl2Ba2CanCun +i02n+6- We describe preparation and structural characterization by x-ray dif­
fraction analyses and further characterization by electric, magnetic, tunnel junction, and Raman scattering studies, 
and we present results of far-infrared reflectivity measurements. In a theoretical analysis we relate the phonon 
structure of reflectivity spectra to geometric structure of a metallic network, with holes filled with nonconducting 
material. The influence of superconductivity on reflectivity is also investigated. 

1. I N T R O D U C T I O N 

T h e d i s c o v e r y o f h i g h - T c s u p e r c o n d u c t o r s o f t h e 
L a 2 - x B a x C u 0 4 (Ref . 1) a n d Y B a 2 C u 3 0 7 - ^ (Ref . 2) f a m i l i e s 
a n d o f the h o m o l o g o u s series B i 2 S r 2 C a n C u „ + i 0 2 n + 6 - ( (Re fs . 
3-6) a n d T l 2 B a 2 C a , l C u n + i 0 2 , l + 6 - < (n = 0, 1, 2) (Ref . 7) has 
s t i m u l a t e d m u c h a c t i v i t y i n t h e i n v e s t i g a t i o n o f c u p r a t e s . 

W e r e p o r t o n a f a r - i n f a r e d r e f l e c t i v i t y s t u d y o f the c e r a m ­
ic h i g h - T c m a t e r i a l s Y B a 2 C u 3 0 7 a n d T l 2 B a 2 C a n C u n + i 0 2 n + 6 - f 
(n = 0, 1, 2). I n a d d i t i o n , we i n v e s t i g a t e d ( n o n c o n d u c t i n g ) 
Y 2 B a C u 0 5 a n d phase m i x t u r e s . T h e f a r - i n f r a r e d s t u d y was 
c o m b i n e d w i t h a c a r e f u l a n a l y s i s b y x - r a y d i f f r a c t i o n a n d 
w i t h f u r t h e r c h a r a c t e r i z a t i o n b y a v a r i e t y o f o t h e r t e c h ­
n i q u e s . 

T h e r e are v a r i o u s i n f r a r e d s t u d i e s of Y B a 2 C u 3 0 7 (Re fs . 8 -
19) a n d a few s tud ies o f Y 2 B a C u 0 5 (Re f s . 18, 20, a n d 21); a 
s y s t e m a t i c f a r - i n f r a r e d s t u d y o f a mixed-phase s a m p l e was 
r e p o r t e d i n R e f . 18. I n the p r e s e n t s t u d y we show t h a t i n a 
phase m i x t u r e o f c o n d u c t i n g a n d n o n c o n d u c t i n g m a t e r i a l s 
the p h o n o n resonances o f the n o n c o n d u c t i n g m a t e r i a l have a 
s t r o n g i n f l u e n c e o n the f a r - i n f r a r e d r e f l e c t i v i t y . C o r r e ­
s p o n d i n g l y , i n a s i n g l e - p h a s e p o l y c r y s t a l l i n e m a t e r i a l w i t h 
d i f f e r e n t o r i e n t a t i o n o f c r y s t a l l i t e s t h a t have a n i s o t r o p i c 
d y n a m i c a l c o n d u c t i v i t y , p h o n o n resonances m a y be seen i n 
large s t r e n g t h i n the f a r - i n f r a r e d r e f l e c t i o n s p e c t r a ; ev idence 
is r e p o r t e d for the T l 2 B a 2 C a n C u n + i 0 2 n + 6 - f h o m o l o g o u s se­
r ies . W e p r e s e n t a t h e o r e t i c a l a n a l y s i s t h a t i n d i c a t e s t h a t 
the p h o n o n s t r u c t u r e o f the f a r - i n f r a r e d r e f l e c t i v i t y spec ­
t r u m of a s a m p l e d e p e n d s s t r o n g l y o n the g e o m e t r i c s t r u c ­
t u r e o f the n e t w o r k o f c o n d u c t i n g m a t e r i a l i n the s a m p l e . 
T h e a n a l y s i s p e r m i t s e x t r a c t i o n of c h a r a c t e r i s t i c p a r a m e t e r s 
for the i n f r a r e d - a c t i v e p h o n o n m o d e s . F u r t h e r m o r e , i n f o r ­
m a t i o n o n the d y n a m i c c o n d u c t i v i t y o f m a t e r i a l s i n the n o r ­
m a l a n d s u p e r c o n d u c t i n g states is o b t a i n e d . 

2. S A M P L E P R E P A R A T I O N A N D 
C H A R A C T E R I Z A T I O N 

A. Preparation of Y B a 2 C u 3 0 7 

W e s y n t h e s i z e d Y B a 2 C u 3 0 7 - * (5 > 0) f r o m a p p r o p r i a t e 
a m o u n t s of Y 2 0 3 , B a C 0 3 , a n d C u O f ine p o w d e r s , u s u a l l y 

m i x e d i n a b a l l m i l l . T h e m a t e r i a l was h e a t e d e i ther as 
p o w d e r i n A 1 2 0 3 c r u c i b l e s or as pressed pe l l e t s i n a furnace 
at a t e m p e r a t u r e o f 9 5 0 - 9 7 0 ° C for a p e r i o d o f several 
h o u r s . T h e s a m p l e s u s u a l l y c o n t a i n e d , i n a d d i t i o n to the 
Y B a 2 C u 3 0 7 - ( 5 phase , t h e s o - c a l l e d green phase Y 2 B a C u O o 
a n d severa l o t h e r phases . T o o b t a i n s i n g l e - p h a s e (super­
c o n d u c t i n g ) Y B a 2 C u 3 0 7 - 5 , we r e g r o u n d the s a m p l e s , homog ­
e n i z e d t h e m w e l l , p r e s s e d t h e m i n t o p e l l e t s (8 tons/cm 2 )> 
a n d f i r e d t h e m a g a i n at 9 5 0 ° C . F l o w i n g o x y g e n was needed 
d u r i n g the c o o l i n g p e r i o d , a n d a longer stage (2 h) near 
4 5 0 ° C was necessary for r e s o r p t i o n o f o x y g e n to f o r m 
Y B a 2 C u 3 0 7 - a w i t h 5 ^ 0 . T h i s r e s o r p t i o n o f o x y g e n leads to 
the t r a n s i t i o n f r o m t h e t e t r a g o n a l s t r u c t u r e o f Y B a 2 C u 3 0 6 . 5 
(5 = 0.5) t o the o r t h o r h o m b i c s u p e r c o n d u c t i n g Y B a 2 C u 3 0 7 - s 
(5 ~ 0) . 

W e f o u n d t h a t a n a d d i t i o n a l a n n e a l i n g s tep r e s u l t e d i n an 
e n h a n c e m e n t o f f a r - i n f r a r e d r e f l e c t i v i t y o f o u r s a m p l e s . A f ­
ter the f i r s t hea t t r e a t m e n t , the f ine r e g r o u n d p o w d e r was 
a n n e a l e d a t 750° C for 10 h i n f l o w i n g o x y g e n a n d coo led to 
r o o m t e m p e r a t u r e w i t h i n 2 h . O n e of the s a m p l e s showed 
e x t r a o r d i n a r i l y h i g h f a r - i n f r a r e d r e f l e c t i v i t y (see S e c t i o n 4 
be low) , i n d i c a t i n g h i g h sur face q u a l i t y . T h i s s a m p l e also 
s h o w e d a large M e i s s n e r effect. W e do n o t k n o w w h i c h 
s p e c i a l c o n d i t i o n s were r e s p o n s i b l e for the d i f f e rence f r o m 
t h e o t h e r s a m p l e s , w h i c h were p r e p a r e d b y a l m o s t the same 
p r o c e d u r e b u t h a d lower f a r - i n f r a r e d r e f l e c t i v i t y . 

B. Characterization of Y B a 2 C u 3 0 7 

O u r s a m p l e s were c h a r a c t e r i z e d b y x - r a y p o w d e r d i f f r a c t i o n 
to d e t e r m i n e the l a t t i c e c o n s t a n t s as w e l l as to f i n d out the 
c o n t e n t o f f o re ign phases i n the s a m p l e s . T h e x - r a y powder 
d i f f r a c t i o n p a t t e r n o f Y B a 2 C u 3 0 7 is s h o w n i n F i g . 1(a). F o r _ 
the o r t h o r h o m b i c u n i t c e l l (space g r o u p Pmmm) we f o u n d 
the l a t t i c e c o n s t a n t s a = 3.8194(8) A, b = 3.8883(8) A, a n d c 
= 11.6677(2) A, w h i c h agree w i t h p u b l i s h e d d a t a . 2 2 2 3 

I n F i g . 1(b) we show a B r a g g - B r e n t a n o d i a g r a m of the 
sur face of our h i g h l y r e f l e c t i n g s a m p l e . A c o m p a r i s o n w i t h 
F i g . 1(a) i n d i c a t e s t h a t a t e x t u r e w i t h p r e f e r e n t i a l c -ax is 
o r i e n t a t i o n p e r p e n d i c u l a r to the s a m p l e sur face o c c u r r e d . 
F o r a f u r t h e r c h a r a c t e r i z a t i o n o f the s a m p l e , e l e c t r o n m i c r o ­
scope p i c t u r e s were t a k e n . T h e p i c t u r e s , p u b l i s h e d else-

0740-3224/89/030420-16$2.00 ig 1989 Optical Society of America 



C O 

0 [ C u - K S ] 

Fig, 1. X-ray diffraction pattern for Y B a 2 C u 3 07 : (a) powder diagram, (b) Bragg-Brentano diagram. 



Fig. 2. Resistance of YBa 2 Cu 3 07 for our highly reflecting sample 
(open circles) and our sample with the highest Tc (filled circles). 

w h e r e , 1 9 s h o w t h a t large areas o f t h e s a m p l e are c o v e r e d w i t h 
p l a t e l e t s ( t y p i c a l s ize 2 ^im X 8 fim) w i t h the c r y s t a l l o g r a p h i c 
c a x i s p e r p e n d i c u l a r t o t h e sur face , i n a g r e e m e n t w i t h the x -
r a y a n a l y s i s . 

T h e res i s tances , m e a s u r e d b y the s t a n d a r d l o w - f r e q u e n c y 
f o u r - p r o b e m e t h o d w i t h s i l v e r - p a i n t c o n t a c t s , are s h o w n i n 
F i g . 2 for o u r Y B a 2 C u 3 0 7 s a m p l e w i t h the h i g h e s t v a l u e o f Tc 

( ^ 94 K ) a n d for the s a m p l e (T c ~ 86 K ) t h a t s h o w e d h i g h e s t 
f a r - i n f r a r e d r e f l e c t i v i t y . T h e res i s tances decrease l i n e a r l y 
w i t h d e c r e a s i n g t e m p e r a t u r e , a n d the t r a n s i t i o n s to s u p e r ­
c o n d u c t i v i t y are s h a r p (ATC & 2 K ) . T h e spec i f i c res i s tances 
at r o o m t e m p e r a t u r e were ~ 3 0 0 n& c m . 

C. Point-Contact Tunnel Spectroscopy on YBa 2 Cu 3 0 7 

P o i n t - c o n t a c t t u n n e l i n g m e a s u r e m e n t s i n i t i a t e d i n v a r i o u s 
l a b o r a t o r i e s have b e e n p u b l i s h e d . F r o m these m e a s u r e ­
m e n t s s u p e r c o n d u c t i n g energy gaps w i t h va lues o f 2A/kTc 

f r o m a p p r o x i m a t e l y 3 t o 6 were d e d u c e d . 2 4 " 2 7 

T o o b t a i n i n f o r m a t i o n o n the ex i s tence o f a s u p e r c o n d u c t ­
i n g energy gap , we a lso p e r f o r m e d a t u n n e l i n g e x p e r i m e n t . 
A p p l y i n g the f o u r - t e r m i n a l m e t h o d , we m e a s u r e d the c u r ­
r e n t - v o l t a g e (I-V) c h a r a c t e r i s t i c , u s i n g a p o i n t c o n t a c t c o n ­
s i s t i n g o f a n e l e c t r o l y t i c a l l y e t c h e d t u n g s t e n t i p ( d i a m e t e r 
» 1 fim) as one e lec t rode a n d t h e sur face o f t h e Y B a 2 C u 3 0 7 

s a m p l e as the o t h e r e lec t rode . T h e t u n g s t e n t i p was p l a c e d 
u p o n t h e Y B a 2 C u 3 0 7 s a m p l e b y use o f a d i f f e r e n t i a l screw. 
C o n t a c t r e s i s t i v i t i e s f r o m s e v e r a l k i l o h m s to 1 M Q were 
o b t a i n e d . T o p r e v e n t d i s t o r t i o n or s l i p p i n g o f f o f t h e t u n g ­
s t e n t i p , the t u n g s t e n w i r e was b e n t i n t o a n e las t i c knee . 
T h e s a m p l e w i t h the t i p was i m m e r s e d i n l i q u i d h e l i u m at a 
t e m p e r a t u r e o f 4.2 K . 

A n I-V c h a r a c t e r i s t i c w i t h e v i d e n c e o f a gap is s h o w n i n 
F i g . 3. A t s m a l l vo l tages a v a n i s h i n g c u r r e n t is o b t a i n e d . 
T h e c u r r e n t increases s t r o n g l y for V > 10 m V a n d behaves 
l i n e a r l y for large vo l tages (V > 30 m V ) . F r o m t h i s m e a s u r e ­
m e n t a l ower l i m i t for t h e gap o f A ^ 10 m e V (2A/kTc ^ 2.4) 
m a y be d e d u c e d . F o r a f u r t h e r a n a l y s i s we c o m p a r e t h e 
t h e o r e t i c a l l y e x p e c t e d c h a r a c t e r i s t i c 

for e V > A a n d / = 0 for e V < A , w h e r e P12 denotes the 
t u n n e l i n g p r o b a b i l i t y , i V ^ O ) is the d e n s i t y o f states at the 
F e r m i l e v e l o f the n o r m a l m e t a l , is AT 2(0) t h e d e n s i t y of states 
a t t h e F e r m i l e v e l o f Y B a 2 C u 3 0 7 (neg le c t ing superconduc ­
t i v i t y ) , a n d t h e las t t e r m takes i n t o a c c o u n t the supercon­
d u c t i n g s tate . 

T h e d o t t e d c u r v e o f F i g . 3 shows the t h e o r e t i c a l character ­
i s t i c for 2A/kTc = 4.6. A b e t t e r a g r e e m e n t w i t h the exper i ­
m e n t is o b t a i n e d b y c h o o s i n g t w o , i n s t e a d of one, d i f ferent 
e n e r g y - g a p v a l u e s ( w i t h 2A/kTc = 3.3, 7) a n d a d d i n g the 
c o r r e s p o n d i n g c u r r e n t s . T h e r e s u l t i n g I-V charac ter i s t i c 
( so l id c u r v e o f F i g . 3) descr ibes t h e e x p e r i m e n t a l d a t a wel l . 
T w o d i f f e r e n t energy gaps (or a d i s t r i b u t i o n o f gaps) m a y be 
c a u s e d b y c r y s t a l l i t e s o f d i f f e r e n t o r i e n t a t i o n s . A further 
d i s c u s s i o n is g i v e n b e l o w i n c o n n e c t i o n w i t h f a r - i n f r a r e d 
s t u d i e s ( S e c t i o n 5). 

D. Ac Josephson Effect in Y B a 2 C u 3 0 7 Break Junctions 
T o o b t a i n i n f o r m a t i o n o n the s u p e r c o n d u c t i n g charge c a r r i ­
ers i n Y B a 2 C u 3 0 7 , we s t u d i e d t h e i n f l u e n c e o f m i c r o w a v e 
r a d i a t i o n o n J o s e p h s o n j u n c t i o n s . F o r p r e p a r a t i o n o f c lean 
J o s e p h s o n j u n c t i o n s a b r e a k - j u n c t i o n t e c h n i q u e 2 8 was ap­
p l i e d . A Y B a 2 C u 3 0 7 s a m p l e was b r o k e n m e c h a n i c a l l y in 
l i q u i d h e l i u m (at 4.2 K ) , a n d m i c r o w a v e r a d i a t i o n (power ^ 1 
m W ) at a f r e q u e n c y vr - 9.52 G H z was i r r a d i a t e d i n t o the 
c r y o s t a t t h a t c o n t a i n e d the j u n c t i o n . S t e p s i n t h e I-V char­
a c t e r i s t i c are e x p e c t e d at vo l tages Vn a t w h i c h the nth har ­
m o n i c o f t h e f r e q u e n c y o f t h e m i c r o w a v e r a d i a t i o n corre­
s p o n d s to the J o s e p h s o n f r e q u e n c y vf 

Vf = qVn/h = ±nvr) (2) 

w h e r e q denotes t h e charge o f t h e s u p e r c o n d u c t i n g charge 
c a r r i e r s . T h e s h a p e o f the I-V c h a r a c t e r i s t i c d e p e n d e d 
s t r o n g l y o n m i c r o w a v e i n t e n s i t y . C h a r a c t e r i s t i c curves that 
s h o w t h e steps w e l l are d r a w n i n F i g . 4. T h e s t r u c t u r e 
c o r r e s p o n d s t o s teps at vo l tages ( w i t h Vn+l - V „ 19.7 mV) 
for q t h a t are tw i ce the e l e m e n t a r y charge . T h e h e i g h t of 
t h e s ing le s teps m a y be r e l a t e d to t h e m i c r o w a v e i n t e n s i t y by 
B e s s e l f u n c t i o n s o f the f i r s t k i n d . H a l f - i n t e g e r m u l t i p l e s 
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Fig. 3. Current-voltage characteristic of a tungsten tip on 
YBa2Cu30v: experiment (filled circles); theory with one gap (dot­
ted curve) and two gaps (solid curve). The dashed line represents 
the linear I-V characteristic, typical, i.e., for a normal metal without 
any energy gap. 



Fig. 4. Current-voltage characteristic of YBa 2 Cu 3 07 Josephson 
break junction under microwave irradiation (with the lower curve 
shifted); numbers, nth harmonics of the microwave frequency (9.5 
GHz) corresponding to Josephson frequencies. 

were a lso observed ( F i g . 4). T h i s suggests the a d d i t i o n a l 
ex is tence o f p o i n t - c o n t a c t J o s e p h s o n j u n c t i o n s because 
p o i n t c ontac t s g e n e r a l l y s h o w steps a t s u b h a r m o n i c s o f the 
m i c r o w a v e f r e q u e n c y . T h u s we have d e m o n s t r a t e d t h a t o u r 
s a m p l e s s h o w c h a r a c t e r i s t i c s u p e r c o n d u c t i n g p r o p e r t i e s . 
W e note t h a t o u r r e s u l t s agree w i t h p u b l i s h e d resu l t s ob ­
t a i n e d b y use o f b r e a k j u n c t i o n s 2 8 a n d f i l m b r e a k j u n c t i o n s 2 9 

a n d also of p o i n t c o n t a c t s 3 0 a n d m i c r o b r i d g e l i k e j u n c t i o n s . 3 1 

s p e c t i v e l y , were p r e p a r e d b y m i x i n g a p p r o p r i a t e a m o u n t s o f 
T 1 2 0 3 , B a ( N 0 3 ) 2 , C a O , a n d C u O . P r e s s e d pe l l e t s , u s u a l l y 13 
m m i n d i a m e t e r a n d 10 m m t h i c k , were p l a c e d , together w i t h 
a go ld boa t c o n t a i n i n g a s m a l l a m o u n t o f T 1 2 0 3 , i n t o a n 
a l u m i n u m o x i d e c r u c i b l e covered w i t h a t i g h t l i d . U n d e r 
these c o n d i t i o n s there was a s a t u r a t e d T 1 2 0 v a p o r d u r i n g the 
a n n e a l i n g p r o c e d u r e ; t h u s T l loss d u e to the h i g h v o l a t i l i t y o f 
t h a l l i u m ox ides was m i n i m i z e d or a v o i d e d . T h e s a m p l e s 
were h e a t e d a t a rate o f 2 0 0 ° C / h u p to 8 0 0 ° C a n d h e l d a t t h i s 
t e m p e r a t u r e for 8 h , c oo l ed d o w n to 6 0 0 ° C w i t h i n 2 h , a n d 
t h e n t a k e n o u t o f the f u r n a c e . 3 2 T h e s i n t e r e d m a t e r i a l was 
r e g r o u n d a n d pressed a g a i n i n t o pe l le ts (10 t o n s / c m 2 ) 2 - 3 
m m t h i c k . 

T h e second heat t r e a t m e n t was d i f f e r e n t for the t h r e e 
phases . T h e s u p e r c o n d u c t i n g , t e t r a g o n a l 2201 (t-2201) 
phase was o b t a i n e d i f pe l l e t s w i t h the a p p r o p r i a t e s t o i c h i -
o m e t r y were f i r e d a t 850° C i n a i r for h a l f a n h o u r a n d t h e n 
q u e n c h e d to l i q u i d - n i t r o g e n t e m p e r a t u r e . A n n e a l i n g i n 
f l o w i n g o x y g e n at 800° C a n d c o o l i n g i n the f u r n a c e t o r o o m 
t e m p e r a t u r e l e a d to the o r t h o r h o m b i c ( n o r m a l l y c o n d u c t ­
ing) 2201 (O -2201) phase . 

T h e ( s u p e r c o n d u c t i n g ) 2212 phase was o b t a i n e d b y a n ­
n e a l i n g a s a m p l e o f a d e q u a t e s t o i c h i o m e t r y a t 8 2 0 ° C i n 
f l o w i n g oxygen for 30 m i n , fu rnace c o o l i n g to 6 0 0 ° C , a n d 
q u e n c h i n g to r o o m t e m p e r a t u r e a f ter 1 h . E v e n i f the s t o i ­
c h i o m e t r y o f the o r i g i n a l m i x e d p o w d e r s has been 2223, the 
2212 phase was f o r m e d u n d e r these c o n d i t i o n s , a n d a c a l c i ­
u m - r i c h C a - T l - C u - 0 ( C a T l C u ) phase w i t h p r e v i o u s l y u n ­
k n o w n s t r u c t u r e , a n d severa l o t h e r phases , were a lso f o u n d . 
A d e t a i l e d a n a l y s i s of the C a T l C u phase is i n progress . A s a 
r e s u l t o f f a r - i n f r a r e d r e f l e c t i o n m e a s u r e m e n t s , i t was essen­
t i a l to h a v e the same phase a t the sur face as i n the b u l k 
m a t e r i a l . T h e r e f o r e d u r i n g the second a n n e a l i n g p r o c e d u r e 
we p l a c e d the pe l l e t s i n t o a c losed bag ( f o r m e d b y a go ld fo i l ) 
t h a t a lso c o n t a i n e d some T 1 2 0 3 . T h e n we o b t a i n e d s a m p l e s 
w i t h a w e l l - c o n d u c t i n g sur face a n d w i t h the same c o m p o s i ­
t i o n as t h e b u l k m a t e r i a l . T h u s c o n t a c t p r o b l e m s w i t h d c 
c o n d u c t i v i t y m e a s u r e m e n t s were also a v o i d e d . 

T h e 2223 phase , w i t h the h i g h e s t T c , was o b t a i n e d b y 
a n n e a l i n g a 2223 s a m p l e i n a i r a t 8 4 0 ° C for 5 m i n , fu rnace 
c o o l i n g to 6 0 0 ° C , h o l d i n g i t 90 m i n , a n d t h e n q u e n c h i n g i t to 
r o o m t e m p e r a t u r e . N o w o n l y the sur face r e g i o n o f the p e l ­
lets c o n t a i n e d C u O , C a T l C u , a n d a n u n i d e n t i f i e d phase . 
A f t e r the m a t e r i a l o f the sur face r e g i o n was r e m o v e d , the x -
r a y p o w d e r d i f f r a c t i o n d i a g r a m [ F i g . 6(d)] o f the b u l k m a t e ­
r i a l s h o w e d a l m o s t s ing l e -phase T l 2 B a 2 C a 2 C u 3 O i 0 , w i t h a n 
a d m i x t u r e o f a s m a l l a m o u n t o f the 2212 phase (arrows) . 

E. Characterization of (Nonconducting) Y 2 BaCu0 5 

A n x - r a y p o w d e r d i f f r a c t i o n p a t t e r n is s h o w n i n F i g . 5; o n l y 
for the m a i n peaks have we i n d i c a t e d the c o r r e s p o n d i n g 
ind i ces . F r o m a n a n a l y s i s o f t h e p a t t e r n we f o u n d , for the 
o r t h o r h o m b i c u n i t c e l l (space g r o u p Pbnm), the l a t t i c e c o n ­
s tants a = 7.132 A, b = 12.181 A, a n d c = 5.658 A for the 
i n s u l a t i n g Y 2 B a C u O s . T h e va lues are the same as those i n 
Re f . 22. 

F. Preparation of Single-Phase, Polycrystalline 
T l 2 B a 2 C a n C u n + 1 0 2 n + 6 [n = 0 , 1 , 2) 
T h e n - 0 , 1 , 2 m e m b e r s o f t h e h o m o l o g o u s series T l 2 B a 2 C a n -
^n+i02n+s-e, d e n o t e d the 2201 , 2212, a n d 2223 phases , r e -
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Fig. 5. X-ray powder diagram for Y 2BaCuOs. 
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W e d i d n o t succeed i n p r e p a r i n g a 2223 s a m p l e w i t h h i g h l y 
c o n d u c t i n g sur faces , i .e. , w i t h o u t f o r e i g n phases i n the s u r ­
face area . 

G. Characterization of T l 2 Ba 2 Ca n Cu n + i 0 2 n +6 
W e p e r f o r m e d c o m p l e t e s t r u c t u r e ana lyses for the t w o 2201 
phases a n d t h e 2212 a n d 2223 p h a s e s . 3 3 T h e x - r a y d i f f r a c ­
t i o n d i a g r a m s for the d i f f e r e n t phases ( F i g . 6) i n d i c a t e t h a t 

o n l y s m a l l a m o u n t s (<3%) o f f o r e i g n phases were contained 
i n the s a m p l e s . 

T h e m o s t s t r i k i n g f ea ture o f t h e d i f f r a c t i o n p a t t e r n s is the 
s tepwise s h i f t o f the (002) d i f f r a c t i o n p e a k t o w a r d smaller 
angles w i t h i n c r e a s i n g n , i n d i c a t i n g a n increase o f the lattice 
c o n s t a n t i n c d i r e c t i o n . A s h o r t s u m m a r y of o u r results is 
g i v e n i n T a b l e 1; for f u r t h e r c r y s t a l l o g r a p h i c d a t a see Refs-
34 a n d 35. D c c o n d u c t i v i t y m e a s u r e m e n t s were per formed 
for the d i f f e r e n t phases . A l l s a m p l e s s h o w e d m e t a l l i c l i k e 
b e h a v i o r (F igs . 7 a n d 8). T h e t r a n s i t i o n t e m p e r a t u r e s i n ­
c reased w i t h i n c r e a s i n g n . A d d i t i o n a l d a t a are g iven in 
T a b l e 2; Tc denotes zero res i s tance t e m p e r a t u r e , Tcm ^ne 

t e m p e r a t u r e o f the t r a n s i t i o n m i d p o i n t , a n d ATC the di f fer­
ence b e t w e e n T 9 o% a n d Tk>%. 

F o r the 2201 phase , Tc is s t r o n g l y d e p e n d e n t o n the second 
a n n e a l i n g process . W e be l i eve t h a t Tc is m a x i m i z e d b y f a s t 

q u e n c h i n g f r o m the h i g h e s t t e m p e r a t u r e a t w h i c h the 2201 
p h a s e is s tab l e . A d i s a d v a n t a g e o f t h i s p r o c e d u r e is the 
d e s t r u c t i o n o f t h e s m o o t h sur face at t e m p e r a t u r e s higher 
t h a n 8 6 0 ° C . 

W e note t h a t i t is poss ib l e t o des c r ibe t h e c o n d u c t i v i t y of 
the 2221 p h a s e ( F i g . 8) b y t h e e x p r e s s i o n a(T) = (p 0 + a T ^ ' 1 

+ ACT, w h e r e p 0 — 50 jificm, a 1 fxQcm K - 1 , a n d Aa is an 
a d d i t i o n a l c o n d u c t i v i t y t h a t descr ibes t h e d e v i a t i o n o f the 
p(T) c u r v e f r o m a l i n e a r c u r v e . W e f i n d t h a t t h e a d d i t i o n a l 
c o n d u c t i v i t y c a n be d e s c r i b e d b y t w o - d i m e n s i o n a l supercon ­
d u c t i n g f l u c t u a t i o n s , 3 6 Aa = e2(16hrj)-lTc(T - Tc)~\ w i t h v 
( ~ 3 A) b e i n g a c h a r a c t e r i s t i c t h i c k n e s s o f the t w o - d i m e n ­
s i o n a l s y s t e m ; a c a l c u l a t e d c u r v e agrees w e l l ( w i t h i n 1% 
accuracy ) w i t h t h e e x p e r i m e n t a l c u r v e . A d e f i n i t i o n by 
t h r e e - d i m e n s i o n a l f l u c t u a t i o n s , w i t h Aa - e 2 [32fc£(0) ]~ 1 7V / 2 

(T — T c ) ~ 1 / 2 , does n o t d e l i v e r a r e a s o n a b l e d e s c r i p t i o n , be­
cause t h e n we f i n d a n u n r e a l i s t i c coherence l e n g t h £(0) & 0.4 
A. 

U s i n g a S Q U I D m a g n e t o m e t e r , we c a r r i e d o u t s t a t i c m a g ­
n e t i c s u s c e p t i b i l i t y m e a s u r e m e n t s . B u l k s a m p l e s (wi th 
t y p i c a l d i m e n s i o n s o f 2 m m X 2 m m X 2 m m ) were cu t f rom 
pe l l e t s , a n d m a g n e t i c s h i e l d i n g a n d the M e i s s n e r effect were 
m e a s u r e d i n a p r o c e d u r e 3 7 i l l u s t r a t e d i n F i g . 9; f i r s t the 
s a m p l e s were c oo l ed i n zero m a g n e t i c f i e l d d o w n to ~ 5 K -
A f t e r a m a g n e t i c f i e l d (3 m T ) was a p p l i e d , a d i a m a g n e t i c 
m a g n e t i z a t i o n a p p e a r e d as a r e s u l t o f s u p e r c o n d u c t i n g 
s h i e l d i n g c u r r e n t s . T h e e x p e r i m e n t a l curves ( F i g . 9) show 
some i n t e r e s t i n g features . W h e n t h e s a m p l e s are h e a t e d the 
s h i e l d i n g s i g n a l shows a s tep for t h e 2212 a n d 2223 phases 
b u t n o t for the t -2201 phase . T h i s s tep c a n be e x p l a i n e d by 
the d e l e t i o n o f s h i e l d i n g c u r r e n t s t h r o u g h J o s e p h s o n j u n c ­
t i o n s , as was p o i n t e d o u t i n R e f . 38. F o r the t -2201 phase we 
o b t a i n e d t h e h i g h v a l u e o f ~ 9 3 % M e i s s n e r s i g n a l i n c o m p a r i ­
s o n w i t h the l o w - t e m p e r a t u r e s h i e l d i n g s i g n a l , whereas 17% 

Table 1. Crystallographic Data for T l 2 Ba 2 Ca D Cu I I + i02 n +6 Phases 

Phase 
O-2201 t-2201 2212 2223 

Space group Amaa or A2aa 14/mmm 14/mmm 14/mmm 
a (A) 5.4474 (5) 3.8656 (3) 3.8565 (4) 3.8496 (4) 
b(A) 5.4948 (5) 
c(A) 23.1795 (17) 23.2247 (18) 29.326 (3) 35.638 (4) 
Cell volume (A*) 693.817 347.043 426.154 528.134 
Formula units per cell 4 2 2 2 
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8. Resistance of T l 2 B a 2 C a C u 2 0 8 (Tc « 105.5 K ) and 
Tl 2 Ba2Ca 2 Cu30io ( T c ^ 110.4 K ) . 

Table 2. Characteristic Temperatures for 
Tl 2 Ba 2 Ca i l Cu I I + i02n+6 Compounds 

Phase TC(K) T'conset (K) Tcm (K) A T C (K) 

2201 64 72 70 4 
2212 105.5 110 107 2 
2223 110.4 115 113 3 

f o r the 2212 phase a n d 3 2 % for t h e 2223 phase were f o u n d . 
T h i s i n d i c a t e s t h a t t h e t -2201 phase s a m p l e was h i g h l y h o ­
mogeneous a n d t h a t s h i e l d i n g c u r r e n t s f l o w n e a r l y u n r e ­
s t r a i n e d b e t w e e n d i f f e r e n t g ra ins . H o w e v e r , the r e l a t i v e l y 
large t r a n s i t i o n w i d t h o f t h e e l e c t r i c a l res i s tance together 
w i t h the (not p a r t i c u l a r l y steep) s lope o f t h e m a g n e t i z a t i o n 
curve p o i n t s to t h e ex i s tence o f d i f f e r e n t g ra ins w i t h d i f f e r ­
ent Tc va lues . T h i s m a y be d u e t o s p a t i a l v a r i a t i o n o f the 
oxygen or t h a l l i u m p o r t i o n s o f the s a m p l e caused b y the f i n a l 
heat t r e a t m e n t i n a i r . S i m i l a r l y , the M e i s s n e r s i g n a l o f the 
2223 phase [F ig . 9(c)] a p p e a r s t o i n d i c a t e a m u l t i p h a s e n a ­
ture o f the s a m p l e , too. I n a d d i t i o n t o a b r o a d t r a n s i t i o n , 
c o i n c i d i n g w i t h t h e t r a n s i t i o n o f t h e e l e c t r i c a l res i s tance , a 
step near 65 K was o b s e r v e d , w i t h a n e n h a n c e m e n t o f the 
d i a m a g n e t i c s i g n a l b y 20%. T h e reason for t h i s e n h a n c e ­

m e n t is n o t ye t c lear . W e note t h a t the 2212 phase s a m p l e 
[F ig . 9(b)] a n d t h e 2223 s a m p l e [F ig . 9(c)] were i d e n t i c a l w i t h 
s a m p l e s u s e d for f a r - i n f r a r e d s tud ies . 

H . Raman Study of the T l 2 B a 2 C a n C u n + 1 0 2 „ + 6 [n = 0 , 1 , 2) 
Series 
F o r e x c i t a t i o n o f R a m a n e m i s s i o n we used a n a r g o n - i o n laser 
(power 100 m W ) o p e r a t i n g a t 488.0 or 514.5 n m ; p l a s m a l ines 
were s u p p r e s s e d w i t h a p r i s m m o n o c h r o m a t o r as the f i l t e r . 
T h e l i g h t was focused w i t h a c y l i n d r i c a l l ens o n t o a spot of 
a p p r o x i m a t e l y 0.5 X 4 m m o n t h e s a m p l e . R a m a n - s c a t t e r e d 
l i g h t was a n a l y z e d b y use o f a d o u b l e - g r a t i n g m o n o c h r o m a ­
tor , a p h o t o m u l t i p l i e r , a n d s t a n d a r d p u l s e - c o u n t i n g t e c h ­
n i q u e s . T h e s p e c t r a l b a n d p a s s was 5 c m - 1 , a n d the s i g n a l 
i n t e g r a t i o n t i m e per inverse c e n t i m e t e r was ~ 3 0 sec. F o r a 
f i r s t s u r v e y we p e r f o r m e d e x p e r i m e n t s w i t h s a m p l e s f r o m 
b u l k - f r a c t u r e sur faces a n d f r o m u n t r e a t e d surfaces at r o o m 
t e m p e r a t u r e . F i g u r e 10 shows R a m a n s p e c t r a for the f our 
phases . C o m m o n t o a l l phases are t w o resonances , near 490 
a n d 600 c m " 1 . 

T h e 2212 p h a s e shows a n o t h e r s t r o n g resonance near 530 
c m - 1 ; t h i s p e a k is m o s t l i k e l y a lso p r e s e n t i n the 2223 phase . 
A weak resonance a t 640 c m " 1 for the 2223 phase is p r o b a b l y 
d u e to n o n r e a c t e d C u O . 3 9 T h e r e are f u r t h e r w e a k e r reso­
nances i n the R a m a n s p e c t r a o f a l l phases a t s m a l l e r f re ­
quenc ies , w h i c h we d i d n o t s t u d y f u r t h e r . 

W e suggest t h a t the t w o p r o m i n e n t peaks c o m m o n to a l l 
phases ( F i g . 10) c a n be a t t r i b u t e d to C u - 0 v i b r a t i o n s . T h e 
a d d i t i o n a l s t r o n g m o d e for the 2212 phase m a y be c o r r e l a t e d 
w i t h the c a l c i u m p l a n e . I n s t e a d o f o x y g e n o c t a h e d r a i n the 
2201 phase , t h e o x y g e n a t o m s have a p y r a m i d a l a r r a n g e m e n t 
i n the 2212 phase . T h e r e f o r e a d d i t i o n a l R a m a n - a c t i v e p h o -
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Fig. 9. Dc susceptibility of the superconducting Tl 2 Ba 2 Ca n Cu n + i0 2 n +6 
(n = 0,1, 2) phases at an applied field of 3 mT; Meissner signals and 
shielding signals after zero field cooling; data normalized to the low-
temperature shielding signals. 
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n o n m o d e s c a n occur . A c o m p a r i s o n w i t h Y B a 2 C u s 0 7 R a ­
m a n s p e c t r a 4 0 shows t h a t the s t r o n g resonances i n the t h a l l i ­
u m c o m p o u n d s a p p e a r at n o t i c e a b l y l a r g e r f r equenc i es ; the 
largest , s t r o n g l y R a m a n - a c t i v e m o d e for Y B a 2 C u 3 0 7 is 
f o u n d near 500 c m " 1 . A s a r e s u l t , t h e R a m a n s p e c t r a s h o w 
t h a t the p h o n o n d e n s i t y o f states e x t e n d s i n t h e t h a l l i u m 
c o m p o u n d s at least u p to a f r e q u e n c y o f 600 c m - 1 . A f u r t h e r 
d i s c u s s i o n o f the p h o n o n m o d e s is g i v e n i n S u b s e c t i o n 5 .B 
be l ow . 

3. T E C H N I Q U E O F F A R - I N F R A R E D 
R E F L E C T I V I T Y M E A S U R E M E N T A N D 
M E T H O D S O F A N A L Y S I S 

A. Technique of Far-Infrared Reflectivity Measurement 
O u r r e f l e c t i v i t y m e a s u r e m e n t s were p e r f o r m e d w i t h a n i n ­
f r a r e d F o u r i e r s p e c t r o m e t e r ( B r u k e r I F S 1 1 3 V ) . W e u s e d a 
v a r i e t y o f b e a m s p l i t t e r s a n d d i f f e r e n t de tec tors , n a m e l y , a 
l i q u i d - h e l i u m - c o o l e d s i l i c o n b o l o m e t e r for s m a l l f r equenc ies 
(20 t o 650 c m - 1 ) a n d a l i q u i d - n i t r o g e n - c o o l e d m e r c u r y - c a d ­
m i u m t e l l u r i d e d e t e c t o r for larger f r equenc i e s . R a d i a t i o n 
w i t h i n a s o l i d ang le o f ~ ( l / 8 ) 7 r a t a n average angle o f i n c i ­
dence ( a n d re f l e c t i on ) o f ~ 1 0 ° was f o cused to a spo t o n the 
s a m p l e a few m i l l i m e t e r s i n d i a m e t e r ; the s a m p l e was p l a c e d 
i n a c ryos ta t . B e s i d e s s p e c u l a r r e f l e c t i v i t y we a lso m e a s u r e d 
the s u m of b o t h s p e c u l a r a n d d i f fuse r e f l e c t i v i t y . T h e n , 
r a d i a t i o n w i t h i n a s o l i d ang le o f a l m o s t ir was f o cused o n t o 
the s a m p l e u n d e r a n average ang le o f i n c i d e n c e o f 45° b y a n 
e l l i p t i c a l m i r r o r (at r o o m t e m p e r a t u r e ) . R a d i a t i o n re f l e c t ­
e d d i f f u s i v e l y w i t h i n a s o l i d ang le o f wt t oge ther w i t h t h e 
r a d i a t i o n re f l e c ted s p e c u l a r l y u n d e r a n average angle o f r e ­
f l e c t i o n of 4 5 ° , was c o l l e c t e d w i t h a s e cond e l l i p t i c a l m i r r o r . 
T h u s a large p o r t i o n o f d i f f u s e l y r e f l e c ted r a d i a t i o n was 
d e t e c t e d toge ther w i t h t h e s p e c u l a r l y r e f l e c ted r a d i a t i o n . 

T h e t e m p e r a t u r e - v a r i a b l e c r y o s t a t h a d a n i n n e r c h a m b e r 
i n w h i c h t h e s a m p l e was coo l ed b y h e l i u m - e x c h a n g e gas. 
T h u s i t was poss ib l e to r egu la te the s a m p l e t e m p e r a t u r e i n a 

w e l l - d e f i n e d way . O p t i c a l access was t h r o u g h two windows ; 
one c l osed the i n n e r c h a m b e r t i g h t l y a g a i n s t a v a c u u m 
c h a m b e r , a n d one c l osed the v a c u u m c h a m b e r aga inst air . 
T h e f a r - i n f r a r e d r a d i a t i o n h a d to cross the t w o windows 
t w i c e . A s w i n d o w m a t e r i a l s we chose p o l y e t h y l e n e at s m a l l 
f r equenc i es a n d Z n S e a n d K B r a t l a rge f requenc ies . W e 
u s e d a m e c h a n i c a l a r r a n g e m e n t t h a t p e r m i t t e d a n exchange 
of t h e s a m p l e , a t f i x e d t e m p e r a t u r e , a g a i n s t a p l a n e m i r r o r 
a n d m e a s u r e m e n t o f t h e s p e c t r a l i n t e n s i t y w i t h the sample 
as t h e re f l e c to r a n d w i t h t h e m i r r o r as t h e re f l e c tor ; f r o m the 
r a t i o o f the r e f l e c t e d i n t e n s i t i e s , t h e r e f l e c t i v i t y o f the s a m ­
p le was d e t e r m i n e d . A s the re ference m i r r o r we u s e d either 
a g o l d - c o a t e d glass m i r r o r or a b u l k - m o l y b d e n u m m i r r o r . A 
c o m p a r i s o n s h o w e d t h a t the r e f l e c t i v i t i e s o f the t w o mir ro r s 
were e q u a l w i t h i n a n e r r o r o f less t h a n 1% ( m e a s u r e d be­
t w e e n 20 a n d 600 c m - 1 ) . F o r d e t e r m i n a t i o n o f the sample 
r e f l e c t i v i t y a c o r r e c t i o n was m a d e b y c a l c u l a t i n g the m i r r o r 
r e f l e c t i v i t i e s f r o m d c c o n d u c t i v i t i e s o f the m i r r o r mater ia l s ; 
the c o r r e c t i o n was s m a l l e r t h a n 1% (at f r equenc i es u p to 600 
c m - 1 ) . U s i n g a s a m p l e - m i r r o r exchange a r r a n g e m e n t , we 
were ab l e to e l i m i n a t e the s t r u c t u r e seen i n the spectra l 
i n t e n s i t i e s t h a t was d u e to in te r f e rences a n d a b s o r p t i o n 
p e a k s i n the p o l y e t h y l e n e w i n d o w s . A d d i t i o n a l l y , we chose 
a p o l y e t h y l e n e m o d i f i c a t i o n t h a t was r e l a t i v e l y w e a k l y a° " 
s o r b i n g i n t h e range o f 400 to 700 c m " 1 . T h e p o l y e t h y l e n e 
w i n d o w s h a d a t h i c k n e s s o f ~ 1 m m . O u r s a m p l e - m i r r o r 
a r r a n g e m e n t s h o w e d good r e p r o d u c i b i l i t y for r e f l e c t i v i t y 
va lues at v a r i o u s t e m p e r a t u r e s . W e e s t i m a t e t h a t the abso­
l u t e r e f l e c t i v i t y va lues were a c c u r a t e w i t h i n few percent . 
T h i s a c c u r a c y is s u f f i c i e n t for a f i r s t s u r v e y ; i t needs , howev­
er, to be i n c r e a s e d . W e d i d n o t p o l i s h the s a m p l e surfaces i n 
o r d e r t o a v o i d effects c a u s e d b y p o l i s h i n g m a t e r i a l s . 

B. Methods of Analysis 
F o r a f i r s t a n a l y s i s we des c r ibe t h e c e r a m i c m a t e r i a l w i t h a 
h o m o g e n e o u s m e d i u m t h e o r y , u s i n g t h e c o m p l e x d y n a m i c 
c o n d u c t i v i t y a = a\ + ia% t h a t we d e c o m p o s e i n t o a s u m 

a = <rp + cc + a\ (3) 

w h e r e = ap + ia\ is t h e c o n t r i b u t i o n to the c o m p l e x 
c o n d u c t i v i t y b y p h o n o n s , = + ia\ is t h a t b y free charge 
c a r r i e r s , a n d ab = o\ + io\ is t h a t b y b o u n d charge carr iers . 
T h e d y n a m i c c o n d u c t i v i t y is c o n n e c t e d to the d i e l e c t r i c 
f u n c t i o n € b y t h e r e l a t i o n e = iV/wto " ia/(2irvc€Q), w h e r e o> is 
the a n g u l a r f r e q u e n c y , v is the f r e q u e n c y ( d i v i d e d b y c) , *o 3 5 

8.9 X 1 0 " 1 2 A - s e c V " 1 m " 1 , a n d c is t h e v e l o c i t y o f l i g h t . 
W e descr ibe t h e d y n a m i c c o n d u c t i v i t y d u e to p h o n o n s by 

L o r e n t z i a n resonances 

<t" = - i ( 2 T « r « o ) £ Sf] (vj - , 2 - i i y r 1 , (4) 

w h e r e Sj is the change o f the d i e l e c t r i c f u n c t i o n , SJV] is t h e 

o s c i l l a t o r s t r e n g t h , v} is the e i g e n f r e q u e n c y , a n d Y} is the 
d a m p i n g c o n s t a n t for t h e ; t h p h o n o n m o d e . 

F o r the f r e e - c a r r i e r c o n d u c t i v i t y we m a k e use o f D r u d e ' s 
c o n d u c t i v i t y 

w h e r e an m a y be u s e d here as a c o n d u c t i v i t y p a r a m e t e r t h a t 
is n o t n e c e s s a r i l y e q u a l t o t h e dc c o n d u c t i v i t y as for c o n v e n ­
t i o n a l m e t a l s a n d w h e r e vT is the s c a t t e r i n g ra te o f t h e free 



carriers; f r o m t h e r e l a t i o n an - 2irctQV2
phT t h e p l a s m a f r e ­

quency vp c a n be o b t a i n e d . A t s m a l l f r equenc ies , v « vTi we 
have 

ac <jn + ianvhr. (6) 

N e g l e c t i n g t h e i m a g i n a r y p a r t , we o b t a i n for t h e r e f l e c t i v i t y 
the H a g e n - R u b e n s a p p r o x i m a t i o n 

R = 1 - (16we0cp/an)l/2. (7) 

F o r the b o u n d charge c a r r i e r s we neglect t h e r e a l p a r t o f the 
c o n d u c t i v i t y a n d w r i t e 

ab = -i(2irvce0€jt (8) 

w h e r e ««, is the h i g h - f r e q u e n c y d i e l e c t r i c c o n s t a n t 
W e a n a l y z e d some o f o u r r e f l e c t i v i t y curves b y u s i n g K r a -

^ e r s - K r o n i g a n a l y s i s . 1 9 F o r t h i s p u r p o s e we e x t r a p o l a t e d 
the r e f l e c t i v i t y curves a t large f requenc ies (v > 8000 c m " 1 ) 
hy D r u d e c o n d u c t i v i t y [ E q . (5)] a n d , t a k i n g i n t o b o u n d 
charges a c c o u n t , b y E q . (8). F o r a n e x t r a p o l a t i o n o f the 
r e f l e c t i v i t y curves t o w a r d l o w f requenc ies we u s e d E q . (7), 
t a k i n g for an a ( constant ) v a l u e t h a t d e l i v e r e d a reasonab le 
d e s c r i p t i o n o f e x p e r i m e n t a l r e f l e c t i v i t y curves a t s m a l l f r e ­
quencies (20 t o ~ 1 0 0 c m - 1 ) . 

F o r a d i s c u s s i o n o f the d y n a m i c c o n d u c t i v i t y a n d t h e f a r -
l r i f r a r e d r e f l e c t i v i t y of s u p e r c o n d u c t o r s we refer t o t h e t h e ­
ory o f M a t t i s a n d B a r d e e n 4 1 - 4 2 f or B C S s u p e r c o n d u c t o r s . 
A c c o r d i n g l y , ax s h o u l d be zero f or 0 < v < vg = 2 A / / i c , w h e r e 
2 A is the s u p e r c o n d u c t i n g energy gap a n d vg is the cor re ­
s p o n d i n g gap f r e q u e n c y ; <r2 s h o u l d s h o w a n a p p r o x i m a t e l y 
v " 1 d e p e n d e n c e , w i t h a v a l u e v2(vg) ^ an. I t f o l l ows t h e n 
t h a t the r e f l e c t i v i t y i n the s u p e r c o n d u c t i n g state is h i g h e r 
t h a n i n the n o r m a l state for v<vg a n d t h a t i t is l ower for v > 
vg'> for the d i r t y l i m i t a c ross ing p o i n t o f the r e f l e c t i v i t i e s a t v 
— 2vg is c a l c u l a t e d . 

4. F A R - I N F R A R E D R E F L E C T I V I T Y 

A. Reflectivity of Y B a 2 C u 3 0 7 

F i g u r e 11 shows the r e f l e c t i v i t y o f Y B a 2 C u 3 0 7 ; t h e r e f l e c t i on 
w a s a l m o s t s p e c u l a r u p to 600 c m " 1 a n d b e c a m e m o r e a n d 
more d i f fuse a t larger f requenc ies . A t r o o m t e m p e r a t u r e 
the s p e c u l a r r e f l e c t i v i t y decreased f r o m ~ 0 . 9 a t 50 c m " 1 t o 
0.6 at 600 c m " 1 ; the d i f fuse r e f l e c t i v i t y h a d a v a l u e s l i g h t l y 
larger t h a n 0.5 a t 1000 c m - 1 . T h e r e i s a w e a k p h o n o n s t r u c ­
ture w i t h f ive c l e a r l y seen resonances . T o w a r d l ower t e m ­
peratures the r e f l e c t i v i t y increases ; t h e s h a p e is a l m o s t u n ­
changed d o w n to a t e m p e r a t u r e o f 100 K . A t v e r y l ow 
t e m p e r a t u r e s (T « Tc, 2 0 - K curve ) t h e shape is d i f f e r e n t . 
O n the average , the l o w - t e m p e r a t u r e r e f l e c t i v i t y i s , i n c o m ­
p a r i s o n w i t h t h e r e f l e c t i v i t y a t 100 K , e n h a n c e d for v < 380 
c m " 1 a n d l o w e r e d for larger f r equenc ies . T h i s b e h a v i o r 
ind i ca tes t h a t the s u p e r c o n d u c t i v i t y has a s t r o n g i n f l u e n c e 
° n the d y n a m i c c o n d u c t i v i t y for f a r - i n f r a r e d r a d i a t i o n . 
M o s t o f the p h o n o n s t r u c t u r e a p p e a r s i n t h e f o r m of re f lec ­
t i o n m i n i m a a n d gives r ise to a few o t h e r c r o s s i n g p o i n t s 
between the r e f l e c t i v i t y curves . W e f o u n d t h a t r e f l e c t i v i t y 
curves for t e m p e r a t u r e s be l ow Tc (c*86 K ) a l w a y s crossed 
the 1 0 0 - K c u r v e a t 380 c m " 1 . 

W e have a l r e a d y n o t e d t h a t we h a v e a n u n c e r t a i n t y i n the 
abso lute va lues o f t h e r e f l e c t i v i t y . S i n c e t h e r e f l e c t i v i t y a t 
20 K is a l m o s t c o n s t a n t for f requenc ies u p t o 120 c m " 1 we 
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Fig. 11. Far-infrared reflectivity of YBa2Cti307; specular reflectiv­
ity for v < 600 c m " 1 and the specular plus diffuse reflectivity for v > 
600 cm" 1 . 

suggest t h a t the r e f l e c t i v i t y m a y be a l m o s t 1. O u r e x p e r i ­
m e n t a l va lues v a r i e d , however , d e p e n d i n g o n o u r a d j u s t ­
m e n t , be tween 0.95 a n d 1.0. F o r a f u r t h e r a n a l y s i s ( S u b s e c ­
t i o n 5.A) we assume a v a l u e o f 1.0. R e f l e c t i v i t y curves a t 
h i g h t e m p e r a t u r e s (T > Tc) r e p o r t e d e a r l i e r for the s a m e 
s a m p l e 1 9 were a few p e r c e n t b e l o w t h e curves o f F i g . 11. T h e 
d i s c r e p a n c y is m o s t l i k e l y a n a d j u s t m e n t p r o b l e m , as we 
have a l r e a d y m e n t i o n e d . 

W e f o u n d t h a t the r e f l e c t i v i t y s p e c t r u m for o u r h i g h l y 
r e f l e c t i n g s a m p l e at 20 K was a l m o s t u n c h a n g e d over a 
p e r i o d o f one year , t h o u g h t h e s a m p l e was exposed to a i r 
m o s t o f the t i m e ; t h i s shows t h a t the s a m p l e ' s sur face r e g i o n 
( th i ckness o f a few t h o u s a n d angs t roms) p r o b e d b y f a r -
i n f r a r e d r a d i a t i o n was s tab le . W e d i d n o t succeed i n p r e ­
p a r i n g a n o t h e r Y B a 2 C u 3 0 7 s a m p l e o f s i m i l a r h i g h r e f l e c t i v ­
i t y . A l l o t h e r s a m p l e s s h o w e d s p e c u l a r r e f l e c t i v i t i e s t h a t 
decreased s t r o n g l y w i t h f r e q u e n c y a n d h a d va lues s m a l l e r 
t h a n 0.3 a t 600 c m " 1 ; f or these s a m p l e s we u s u a l l y f o u n d a 
t a i l o f the r e f l e c t i v i t y m i n i m u m at 153 c m " 1 t o w a r d s m a l l 
f r equenc ies . 

B. Far-Infrared Reflectivity of (Nonconducting) 
Y 2 BaCu0 5 

F o r a n u n d e r s t a n d i n g o f p h o n o n s p e c t r a o f a c o m p l i c a t e d , 
s i n t e r e d c u p r a t e m a t e r i a l c o m p o s e d o f y t t r i u m , b a r i u m , c o p ­
per , a n d o x y g e n we p r e s e n t the f a r - i n f r a r e d r e f l e c t i o n spec ­
t r u m of a s i n t e r e d s a m p l e o f s i n g l e - p h a s e ( n o n c o n d u c t i n g ) 
Y2BaCu05; the m a t e r i a l has a green co lor a n d is present i n 
m i x e d - p h a s e (green) Y - B a - C u - 0 s u p e r c o n d u c t o r s . 

F i g u r e 12 ( u p p e r curve ) shows t h e r e f l e c t i v i t y o f o u r s a m ­
p le a t a t e m p e r a t u r e s l i g h t l y b e l o w r o o m t e m p e r a t u r e . T h e 
r e f l e c t i v i t y has a r i c h s t r u c t u r e , w i t h s h a r p m a x i m a a n d 
m i n i m a . M o s t p r o m i n e n t are a q u i t e n a r r o w (doub le t ) reso­
nance n e a r 115 c m " 1 , a s t r o n g r e s t s t r a h l e n b a n d n e a r 310 
c m " 1 , a n d three o t h e r b r o a d resonances near 380, 460, a n d 
530 c m " 1 . T a k i n g i n t o a c c o u n t o u r resu l t s for larger f r e ­
quenc ies (not s h o w n ) , we f i n d t h a t the p h o n o n s p e c t r u m 
extends u p to ~ 6 0 0 c m " 1 . T h e r e f l e c t i v i t y a t s m a l l f r e q u e n ­
cies is a l m o s t s p e c u l a r , w h i l e s c a t t e r i n g sets i n n e a r 400 
c m " 1 . L o w e r i n g o f t h e t e m p e r a t u r e l eads t o a s h a r p e n i n g of 
the s t r u c t u r e a n d a n increase o f t h e r e f l e c t i v i t y a t s m a l l 
f requenc ies . F r o m t h e r e f l e c t i v i t i e s a t s m a l l f requenc ies we 
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Fig. 12. Far-infrared reflectivity of (nonconducting) Y 2 B a C u 0 5 

and calculated curves (dotted). 

f i n d the l o w - f r e q u e n c y d i e l e c t r i c c o n s t a n t s ep(250 K ) ^ 6.1 
a n d € p (10 K ) a* 6.4. 

W e f i t t e d the r e f l e c t i v i t y curves b y a s u m of L o r e n t z i a n 
o s c i l l a t o r s a c c o r d i n g t o E q . (4). W e f o u n d , b y o u r f i t t i n g 
p r o c e d u r e , t h a t c . ( 250 K ) a* 2.1 a n d c« (10 K ) a* 2.4. T h e 
r e a l va lues m a y be s l i g h t l y l a rger s ince s c a t t e r i n g losses a t 
large f r equenc i e s are n o t i n c l u d e d i n o u r a n a l y s i s . T h e 
res u l t s o f o u r a n a l y s i s are g i v e n i n T a b l e 3. F o r a m o r e - o r -
less c o m p l e t e f i t ( d o t t e d l i n e s i n F i g . 12) we a s s u m e d 28 
o s c i l l a t o r s . 

F o l l o w i n g a p h o n o n m o d e a n a l y s i s 2 0 the m o d e s a t 102 a n d 
105 c m - 1 m a y c o r r e s p o n d t o v i b r a t i o n s o f t h e h e a v y b a r i u m 
a t o m s , the m o d e s a t 137, 172, a n d 184 c m " 1 t o v i b r a t i o n s 
i n v o l v i n g m a i n l y y t t r i u m a n d c o p p e r , a n d t h e m o d e s w i t h 
f r equenc i es above ~ 2 5 0 c m - 1 m o s t l i k e l y to C u - 0 v i b r a ­
t i o n s . F u r t h e r resonances a t t r i b u t e d t o e i t h e r Y2CU2O5 or 
C u O (Ref . 20) were n o t o b s e r v e d for o u r s a m p l e . A m o r e 
d e t a i l e d a n a l y s i s h a d to t a k e i n t o a c c o u n t t h a t the s i n t e r e d 
m a t e r i a l is a c o m p o s i t e m a t e r i a l c o n s i s t i n g o f c r y s t a l l i t e s o f 
d i f f e r e n t sizes t h a t h a v e d i f f e r e n t o r i e n t a t i o n s . 

W e stress t h a t t h e m o s t p r o m i n e n t r e s t s t r a h l e n s t r u c t u r e 
c o r r e s p o n d s to C u - 0 v i b r a t i o n s w i t h resonance f requenc ies 
o f 311 a n d 301 c m " 1 . T h e o s c i l l a t o r s t r e n g t h seems to s h i f t 
a t l o w t e m p e r a t u r e f r o m t h e h i g h e r t o t h e l ower f r e q u e n c y ; 
t h i s c o r r e s p o n d s to f r e q u e n c y s h i f t o f a n average resonance 
f r e q u e n c y to s m a l l e r va lues a t l o w e r t e m p e r a t u r e s . W e w i l l 
see t h a t t h i s m o d e t h a t leads t o a s t r o n g r e s t s t r a h l e n b a n d a t 
a f r e q u e n c y s l i g h t l y above 300 c m " 1 seems to be t y p i c a l for 
c u p r a t e s , a t least for those d i s c u s s e d i n t h i s p a p e r . 

C. Reflectivity of a Mixed Phase Y - B a - C u - 0 Sample 
W e s t u d i e d r e f l e c t i o n p r o p e r t i e s o f a m i x e d phase , w i t h t h e 
n o m i n a l c o m p o s i t i o n Y i ^ B a o . s C u O * , c o r r e s p o n d i n g a p p r o x i ­
m a t e l y to a phase m i x t u r e 4Y 2 BaCu05: lYBa2Cu307 . T h e 
s a m p l e h a d a spec i f i c r es i s tance (0.2 mi} c m ) t h a t r e m a i n e d 
a l m o s t c o n s t a n t u p to the s u p e r c o n d u c t i n g t r a n s i t i o n a t 88 
K ; the w i d t h o f t h e t r a n s i t i o n was ~ 7 K , a n d t h e s a m p l e 
b e c a m e f u l l y s u p e r c o n d u c t i n g a t 75 K . 1 8 T h e r e f l e c t i v i t y 
( F i g . 13) shows a l m o s t the s a m e s h a r p s t r u c t u r e as was f o u n d 
for t h e s i n g l e - p h a s e Y 2 B a C u 0 5 s a m p l e . T h e r e is , however , a 
b a c k g r o u n d t h a t we a t t r i b u t e to the c o n d u c t i n g YBa2Cu30 7 

phase . T h i s b a c k g r o u n d r e f l e c t i v i t y increases t o w a r d s m a l l 

f r equenc i e s ; the l o w - f r e q u e n c y r e f l e c t i v i t y is few percent 
la rger a t 10 K t h a n a t 100 K . 

F o r a d e s c r i p t i o n o f t h e r e f l e c t i v i t y R o f t h e mixed -phase 
s a m p l e we w r i t e R = ( 4 / 5 ) f l i + A R , w h e r e Ri is the ref lect iv ­
i t y o f Y 2 B a C u 0 5 a n d AR is t h e c o n t r i b u t i o n b y the conduct ­
i n g phase . W e f i n d , b y s u b t r a c t i n g f r o m the m e a s u r e d re­
f l e c t i v i t y R the p u r e l a t t i c e c o n t r i b u t i o n (4/5)Ru where fli(') 
is k n o w n f r o m a d i r e c t m e a s u r e m e n t ( F i g . 12), t h a t the 

Table 3. Infrared-Active Phonons of 
(Nonconducting) Y 2 B a C u 0 5

a 

250 K (cm" 10 K (cm"1) 
VJ Tj 

(cm"1) Sj (cm"1) (cm"1) s} 

102.0 0.3 3.1 101.9 0.7 2.9° 
105.3 0.5 2.0 105.1 0.7 1.8° 
114 0.14 7.3 115 0.1 6 
137 0.02 3 137 0.07 2a 

146 0.01 2 146 0.01 2 
172.7 0.25 8.4 172.0 0.57 9.8° 
183.7 0.02 2.6 183.8 0.03 2a 

207.4 0.13 7.0 207.9 0.21 4a 

231.9 0.47 13.9 230 0.1 5 
235.4 0.06 5.5 234.1 0.5 6a 

247.3 0.03 5.4 246.5 0.1 7 
268.8 0.34 11.7 266.6 0.7 15° 
282.4 0.02 3.3 282.3 0.02 2.5 
301 0.09 8 301 0.3 6 
310 0.8 14 309 0.5 8.6° 
340 0.02 15 342 0.01 8 
369 0.4 30 367.7 0.3 26 
378.9 0.03 11 382 0.02 6Aa 

393.3 0.01 9 395 0.007 3 
401.1 0.07 20 402 0.04 10° 
413 0.03 9 414 0.05 12a 

422 0.01 9 427 0.005 8 
445 0.1 21 445 0.04 11° 
457 0.01 20 454 0.08 21 
474 0.07 37 476 0.03 24 
504 0.03 26 508 0.01 16° 
527 0.07 60 530 0.13 75 
573 0.005 24 583 0.01 24 

I S ; 4.0 4.0 I S ; 

1 Also reported in Ref. 20. 
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Fig. 13. Reflectivity of a mixed-phase superconductor ( 4 Y 2 B a -
Cu0 5 :lYBa 2Cu307). 



c o n t r i b u t i o n AR has a v a l u e o f ~ 0 . 4 a t 50 c m - 1 a n d decreases 
a lmost s m o o t h l y t o w a r d larger f r equenc ies ( F i g . 13, t o p ) . 

W e note t h a t we c o u l d n o t r e p r o d u c e t h e e x p e r i m e n t a l 
r e f l e c t i v i ty c u r v e b y a m o d e l c a l c u l a t i o n i n w h i c h we a d d e d 
d ie lec t r i c f u n c t i o n s for the t w o phases . I n p a r t i c u l a r , the 
M i n i m a i n the t h e o r e t i c a l r e f l e c t i o n curves were s m e a r e d 
o u t . 1 8 A l t h o u g h a d d i t i o n o f r e f l e c t i v i t i e s is n o t a w e l l -
f ounded p r o c e d u r e , we suggest t h a t i t is q u a l i t a t i v e l y j u s t i ­
f ied: W e a t t r i b u t e the a d d i t i o n a l r e f l e c t i v i t y AR t o a c o n t r i ­
b u t i o n f r o m a c o n d u c t i n g n e t w o r k of c o n d u c t i n g f i l a m e n t s . 
By c o m p a r i s o n o f AR w i t h r e f l e c t i v i t y curves t h a t are k n o w n 
for t w o - d i m e n s i o n a l m e t a l l i c m e s h , 4 3 we f i n d a t y p i c a l d i s ­
tance o f c o n d u c t i n g f i l a m e n t s o f the o r d e r o f 0.1 m m . T h i s 
*s c o n s i s t e n t w i t h v i s u a l i n s p e c t i o n o f o u r s a m p l e . A m e s h -
Jike ( t h r e e - d i m e n s i o n a l ) s t r u c t u r e , w i t h a h i g h e r c o n d u c t i v -
J t y at l ow t e m p e r a t u r e s , t h a t is e m b e d d e d i n n o n m e t a l l i c 
M a t e r i a l is also c o n s i s t e n t w i t h the o b s e r v e d increase o f 
r e f l e c t i v i t y t o w a r d l o w t e m p e r a t u r e s ( F i g . 13). 

D. Reflectivity of a Mixed Phase Y -Ba -Cu-O Thin Film 
T h i n f i l m s o f Y - B a - C u - 0 m a t e r i a l were p r o d u c e d b y a laser 
e v a p o r a t i o n t e c h n i q u e . 4 4 , 4 5 A p u l s e d N d : Y A G laser (wave­
l e n g t h 1.06 jum, pu lse d u r a t i o n 50 nsec) w i t h a pu l se energy 
of 0.4 J was u s e d for e v a p o r a t i o n o f m a t e r i a l f r o m a s t o i c h i o ­
m e t r i c Y B a 2 C u 3 0 7 s a m p l e o n t o a s a p p h i r e s u b s t r a t e . T h e 
target a n d the s u b s t r a t e (d i s tance 2 cm) were m o u n t e d i n a 
v a c u u m b o x ( 1 0 " 5 T o r r ) ; the s u b s t r a t e was h e a t e d t o 400°C . 
T h e target was r o t a t e d d u r i n g laser process ing . A f t e r e v a p ­
o r a t i o n , f i l m s were a n n e a l e d i n a n o x y g e n a t m o s p h e r e at 
h i g h t e m p e r a t u r e s . 

A R u t h e r f o r d b a c k s c a t t e r i n g a n a l y s i s i n d i c a t e d t h a t the 
s t o i c h i o m e t r y o f the f i l m was s l i g h t l y y t t r i u m r i c h a n d b a r i ­
u m d e f i c i e n t ; a c o m p o s i t i o n Y1.3Ba1.sCu3 was m e a s u r e d . X -
ray d i f f r a c t i o n m e a s u r e m e n t s y i e l d e d d i f f r a c t i o n p a t t e r n s 
s i m i l a r to those o f p o l y c r i s t a l l i n e Y B a 2 C u 3 0 7 s a m p l e s , 4 6 i n ­
d i c a t i n g t h a t the f i l m c o n s i s t e d m a i n l y of the s u p e r c o n d u c t ­
ing phase . S c a n n i n g e l e c t r o n m i c r o g r a p h s s h o w e d t h a t the 
f i l m sur face c o n t a i n e d g r a i n s 1 to 10 i n size. O n e of our 
( h i t h e r t o best) f i l m s s h o w e d the onset o f s u p e r c o n d u c t i v i t y 
at 100 K , Tc va lues o f 9 4 - 7 6 K (90-10%) , a n d zero res i s tance 
at 50 K ( F i g . 14, inse t ) . R e f l e c t i v i t y m e a s u r e m e n t s for t h i s 
f i l m are s h o w n i n F i g . 14. T h e r e f l e c t i v i t y is h i g h at s m a l l 
f requenc ies , decreases s t r o n g l y t o w a r d larger f requenc ies , 
a n d shows p h o n o n s t r u c t u r e . T h e o v e r a l l b e h a v i o r o f the 
n o r m a l s tate r e f l e c t i v i t y ( w i t h o u t p h o n o n s t r u c t u r e ) c a n be 
q u a l i t a t i v e l y d e s c r i b e d b y the D r u d e d y n a m i c c o n d u c t i v i t y 
a n d , a d d i t i o n a l l y , b y a s s u m i n g s c a t t e r i n g at the f i l m surface 
at large f requenc ies (>300 c m " 1 ) . A t s m a l l f requenc ies the 
r e f l e c t i v i t y is , however , s l i g h t l y h i g h e r t h a n t h a t c a l c u l a t e d 
w i t h a D r u d e m o d e l , a n d i t increases s l i g h t l y ( b y ~4%) w h e n 
the s a m p l e is coo led be l ow T c ; a c ross ing o f the 2 0 - K curve 
w i t h the 1 1 0 - K c u r v e occurs b e t w e e n 300 a n d 400 c m " 1 . 
T h e b e h a v i o r is q u a l i t a t i v e l y the same as for the b u l k s a m ­
ple . A l l s t r u c t u r e s were a lso o b s e r v e d , a t the s a m e f r e q u e n ­
cies, for f i l m s e v a p o r a t e d w i t h the same t e c h n i q u e o n S r T i O s 
substrates . 

A l t h o u g h the f i l m is c o n d u c t i n g , i ts r e f l e c t i v i t y shows 
s t rong s t r u c t u r e . T h e r e is a p r o n o u n c e d r e s t s t r a h l e n l i k e 
b a n d near 320 c m - 1 . T h e shape a n d the t e m p e r a t u r e d e ­
pendence s t r o n g l y r esemble those f o u n d for s ing le -phase 
Y o B a C u O s ( F i g - 12). A d e t a i l e d c o m p a r i s o n o f the s p e c t r a 
shows t h a t a l m o s t a l l s t r u c t u r e f o u n d for Y2BaCuOs o ccurs 

i n the f i l m s p e c t r a o f F i g . 14. W h i l e the s t r u c t u r e at larger 
f requenc ies is s t r o n g , i t becomes w e a k e r at s m a l l e r f r e q u e n ­
cies ; i .e. , a t s m a l l e r f requenc ies m e t a l l i c l i k e c o n d u c t i v i t y 
m a i n l y d e t e r m i n e s the r e f l e c t i o n p r o p e r t i e s ; s u p p r e s s i o n o f 
p h o n o n resonance is best seen for t h e resonance near 105 
c m " 1 . A l s o seen i n the r e f l e c t i o n s p e c t r a o f the f i l m are 
(weak) resonances t h a t are c h a r a c t e r i s t i c o f Y B a 2 C u 3 0 7 . 
F o r a m o r e d e t a i l e d d i s c u s s i o n we p e r f o r m e d a K r a m e r s -
K r o n i g a n a l y s i s . W e f o u n d t h a t a l m o s t a l l resonances o f 
b u l k Y 2 B a C u 0 5 ( T a b l e 3) a p p e a r e d . T h e resonances o f 
b u l k Y B a 2 C u 3 0 7 ( T a b l e 4) were a lso f o u n d , however ( s l i ght ­
l y s h i f t e d ) , n a m e l y , at 150 c m " 1 ( i ns tead o f 153 c m " 1 ) , 270 
c m " 1 (280 c m " 1 ) , a n d 314 c m " 1 (308 c m " 1 ) ; the 1 9 2 - c m " 1 

resonance is i n d i c a t e d o n l y as a s h o u l d e r . F e w resonances 
are n a r r o w ( r ; ^ 5 c m " 1 for the 207- , 282- , a n d 3 0 1 - c m " 1 

m o d e s ) , a n d m o s t are b r o a d ( t y p i c a l l y Tj ^ 15 c m " 1 ) . 
O u r a n a l y s i s o f the f a r - i n f r a r e d r e f l e c t i o n s p e c t r u m 

suggests, i n reasonab le a g r e e m e n t w i t h the R u t h e r f o r d 
b a c k s c a t t e r i n g a n a l y s i s , t h a t the f i l m was a m i x e d - p h a s e 
s a m p l e w i t h the a p p r o x i m a t e m o l e c u l a r c o m p o s i t i o n 
4 Y B a 2 C u 3 0 7 : l Y 2 B a C u 0 5 . T h e r e f l e c t i v i t y s p e c t r u m at 
large f requenc ies shows a s t r o n g s t r u c t u r e t h a t c o r r e s p o n d s 
to the r e s t s t r a h l e n b a n d of t h e n o n c o n d u c t i n g phase , w h e r e ­
as m e t a l l i c l i k e r e f l e c t i o n w i t h w e a k e r s t r u c t u r e is observed 
at s m a l l f requenc ies . T h e s e r e s u l t s d e m o n s t r a t e t h a t a large 
p o r t i o n o f the r e f l e c t i o n occurs a t the n o n c o n d u c t i n g phase 
even i f i ts c o n c e n t r a t i o n is n o t i c e a b l y s m a l l e r t h a n t h a t o f 
the c o n d u c t i n g phase ; a d i s c u s s i o n o f a m i x e d phase c o n s i s t ­
i n g o f n o n c o n d u c t i n g m a t e r i a l e m b e d d e d i n a c o n d u c t i n g 
n e t w o r k is p r e s e n t e d i n S u b s e c t i o n 5 .C. 

0 200 . 400 600 
v (c r r f 1 ) 

Fig. 14. Reflectivity of a thin film (4YBa 2 Cu 3 0 7 : l Y 2 BaCu0 5 ) on a 
sapphire substrate; insert, film resistivity. 

Table 4. Infrared-Active Phonons for Y B a 2 C u 3 0 7 

17 (car 1 ) Sj Tj (cm-1) 
j 10 K 110 K 10 K 110 K 10 K 110 K 

1 153 _ 3 5 4 _ 7 
2 - 192 - 0.5 0.5 - 10 -
3 276 278 1 0.8 - 15 _ 
4 308 312 1.5 1.3 - 15 -
5 565 567 0.23 0.19 - 20 -

http://Y1.3Ba1.sCu3
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Fig. 15. Far-infrared reflectivity of the Tl 2 Ba 2 Ca n Cu „+i0 2 f I +6 ( n : 

0,1, 2) series at low temperature (T < 50 K). 

E. Reflectivity of Tl 2Ba 2Ca J 1Cu i l + 102 I ,+6 = 0» 1. 2) Series 
F o r a s u r v e y we s h o w i n F i g . 15 t h e f a r - i n f r a r e d r e f l e c t i v i t y 
s p e c t r a o f t h e h o m o l o g o u s series T l 2 B a 2 C a n C u n + l 0 2 n + 6 (n = 

0, 1, 2) for l o w t e m p e r a t u r e s . C o m m o n to a l l phases are a 
h i g h r e f l e c t i v i t y a t s m a l l f r e q u e n c i e s , a decrease t o w a r d 
large f requenc ies , a n d , f u r t h e r m o r e , a p r o n o u n c e d p h o n o n 
s t r u c t u r e . T h e r e f l e c t i v i t y o f the 2201 phases a n d t h e 2212 
p h a s e r e m a i n s q u i t e h i g h at large f r e q u e n c i e s , c o r r e s p o n d i n g 
t o a h i g h sur face q u a l i t y t h a t was o b t a i n e d w i t h o u t f u r t h e r 
t r e a t m e n t o f t h e s a m p l e s a f ter s i n t e r i n g . T h e decrease o f 
r e f l e c t i v i t y o f t h e 2223 p h a s e is d u e t o a l a rger sur face r o u g h ­
ness. T h e sur face o f t h e 2223 p h a s e s a m p l e was f i n i s h e d 
b y g r i n d i n g (necessary for r e m o v i n g f o r e i g n phases ; see S u b ­
s e c t i o n 2 .F ) . W i t h o u t g r i n d i n g , h o w e v e r , t h e 2223 p h a s e 
s a m p l e s s h o w e d a n e v e n s m a l l e r r e f l e c t i v i t y w i t h a s l i g h t l y 
m o r e p r o n o u n c e d s t r u c t u r e t h a n a f ter g r i n d i n g ; t h i s is 
a c onsequence o f d e c o m p o s i t i o n d u r i n g h e a t t r e a t m e n t i n 
a i r , w h i c h was necessary t o o b t a i n t h e 2223 p h a s e (see S u b ­
s e c t i o n 2 . F ) . W e note t h a t t h e r e f l e c t i v i t y curves for t h e 
T l 2 B a 2 C a n C u n + 0 2 n + 6 s a m p l e s were a l m o s t the same for d i f ­
f e rent s a m p l e s p r e p a r e d i n t h e s a m e w a y . 

T h e r e are t w o r e s o n a n c e i i k e r e f l e c t i o n m i n i m a (at 78 a n d 
142 c m " 1 ) t h a t are s t r o n g for t h e O-2201 p h a s e , w e a k e r for 
the t -2201 phase , a n d s t i l l w e a k e r for t h e 2212 phase . W e 
a t t r i b u t e t h e m i n i m a t o a t h a l l i u m v i b r a t i o n (aga inst t h e 
rest o f t h e la t t i ce ) or t o a b a r i u m v i b r a t i o n , w i t h e l o n g a t i o n s 
a l o n g t h e c a x i s ; t h e b a r i u m v i b r a t i o n seems to be s l i g h t l y 
so f ter t h a n for Y B a 2 C u 3 0 7 (at 152 c m " 1 ) . F o r t h e 2223 
p h a s e , resonances are f o u n d at d i f f e r e n t f r equenc i e s (113 
a n d 134 c m " 1 ) . 

M o s t r e m a r k a b l e are t w o s t r o n g r e s t s t r a h l e n b a n d s ( F i g . 
15), n a m e l y , a h i g h - f r e q u e n c y b a n d t h a t a p p e a r s f o r t h e 2201 
a n d 2212 phases i n the s a m e f r e q u e n c y range a n d a l o w -
f r e q u e n c y b a n d a t a s l i g h t l y s m a l l e r f r e q u e n c y for the 2212 
p h a s e t h a n for t h e 2201 phases ; e v i d e n c e is f o u n d for a w e a k 
l o w - f r e q u e n c y b a n d for the 2223 p h a s e ( lowest c u r v e o f F i g . 
15). 

R e f l e c t i v i t y c u r v e s for d i f f e r e n t phases a t d i f f e r e n t t e m ­

p e r a t u r e s are s h o w n i n F i g s . 1 6 - 1 9 . B e s i d e s t h e t w o strong 
n a r r o w p h o n o n resonances (at 78 a n d 142 c m " 1 ) there are 
f u r t h e r w e a k resonances (at 226 c m " 1 for t h e 2212 phase a n d 
at 200 c m " 1 for t h e 2223 phase ) seen a t a l l t e m p e r a t u r e s and 
a n a r r o w resonance (at 318 c m " 1 ) t h a t a p p e a r s for the 2201 
phases at l o w t e m p e r a t u r e s o n l y (<200 K ) . T h e highest 
o v e r a l l r e f l e c t i v i t y is f o u n d for t h e 2212 p h a s e ( F i g . 18). T h e 
p h o n o n s t r u c t u r e is w e l l p r o n o u n c e d a n d becomes m o s t sig­
n i f i c a n t a t l o w t e m p e r a t u r e s , a l t h o u g h t h e b a c k g r o u n d re­
f l e c t i v i t y is h i g h e r t h a n at h i g h t e m p e r a t u r e s . T h e h i g h -
f r e q u e n c y r e s t s t r a h l e n b a n d c l e a r l y shows a r e f l e c t i o n m i n i ­
m u m at 630 c m - 1 t h a t is a l m o s t i n d e p e n d e n t o f t e m p e r a t u r e ; 
we suggest t h a t t h i s f r e q u e n c y c o r r e s p o n d s to a l o n g i t u d i n a l 
o p t i c m o d e . T o w a r d l a rger f r equenc i es t h e (di f fuse) reflec­
t i v i t y ( F i g . 18, inset ) decreases s m o o t h l y . H i g h specular 
r e f l e c t i v i t y (0.16 a t 5000 c m " 1 ) is a m e a s u r e o f h i g h surface 
q u a l i t y i n the s a m p l e s t u d i e d . 

T h e i n f l u e n c e o f s u p e r c o n d u c t i v i t y is n o t seen for the t -
2201 p h a s e ( F i g . 17). T h e r e f l e c t i v i t y b e l o w Tc ( ^ 5 4 K ) is 
a l m o s t the s a m e as above Tc\ t h e change o f r e f l e c t i v i t y at low 
t e m p e r a t u r e s is s i m i l a r t o t h a t for t h e ( n o n s u p e r c o n d u c t i n g ) 
O-2201 phase . A n i n f l u e n c e o f s u p e r c o n d u c t i v i t y is f o u n d 
for t h e 2212 phase . B e l o w Tc ( ^ 1 0 5 K ) the r e f l e c t i v i t y is 
e n h a n c e d i n a l m o s t the w h o l e f r e q u e n c y range u p to 900 

200 400 
v ( c m - 1 ) 

Fig. 16. Reflectivity of (normally conducting) orthorhombic 
Tl 2 Ba 2 Cu06. 

0 200 , 400 600 
v (cm**1) 

Fig. 17. Reflectivity of tetragonal T l 2 B a 2 C u 0 6 (Tc « 54 K). 
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p ig . 18. Far-infrared reflectivity of Tl 2Ba 2CaCu208 (T c 105 K) 
infrared reflectivity (inset). 
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Fig. 19. Reflectivity of T^BazCaaCusOio (Tc « 110 K). 

c m " 1 . M a x i m u m e n h a n c e m e n t occurs near 500 c m - 1 ; f r o m 
t h i s , a n energy gap o f 2 A/k Tc 5 m a y be suggested . F o r the 
2223 phase , e n h a n c e m e n t o f r e f l e c t i v i t y a t l o w t e m p e r a t u r e s 
is f o u n d ( F i g . 18) for s m a l l f r equenc ies ( < 3 0 0 c m " 1 ) . 

5. A N A L Y S I S A N D D I S C U S S I O N 

t e m p e r a t u r e s (T « T c ) , <ri becomes s m a l l (or neg l ig ib l e ) a t 
s m a l l f requenc ies , a n d ( i f the p h o n o n s t r u c t u r e is neg lec ted) 
(72 increases s t r o n g l y t o w a r d s m a l l f r equenc ies . T h e b e h a v ­
i o r a t l o w t e m p e r a t u r e s gives ev idence for the b e h a v i o r ex ­
p e c t e d f r o m t h e M a t t i s - B a r d e e n t h e o r y , w i t h a s u p e r c o n ­
d u c t i n g energy gap near 300 c m " 1 (2A/kTc & 5) . A m o r e 
d e t a i l e d a n a l y s i s 1 9 y i e l d e d a d i s t r i b u t i o n o f energy gaps (2.2 
< 2A/kTc < 7). T h e r e s u l t is a lso c o n s i s t e n t w i t h t w o energy 
gaps d e f i n e d b y t u n n e l m e a s u r e m e n t s ( S u b s e c t i o n 2 .C ) . A n 
increase o f <?i a n d a 2 n e a r 100 K , for s m a l l f r e q u e n c i e s , m a y 
be a t t r i b u t e d to s u p e r c o n d u c t i n g f l u c t u a t i o n s . 1 9 

T h e r e are f ive p r o n o u n c e d p h o n o n resonances . I f we de ­
s c r ibe the resonances b y L o r e n t z i a n osc i l l a tors a c c o r d i n g to 
E q . (4), we o b t a i n the p a r a m e t e r s s u m m a r i z e d i n T a b l e 4. 
T h e j - I m o d e , m o s t l i k e l y c a u s e d b y a b a r i u m v i b r a t i o n 
aga ins t the o t h e r i ons , n a r r o w s a t t e m p e r a t u r e s b e l o w Tc. 
T h i s i n d i c a t e s t h a t the d a m p i n g is r e d u c e d w h e n t h e p h o n o n 
energy is n o t s u f f i c i e n t to b r e a k u p C o o p e r p a i r s . T h e / - 1 
m o d e is f i ve t i m e s s t ronger t h a n c o r r e s p o n d i n g modes i n t h e 
n o n c o n d u c t i n g Y 2 B a C u 0 5 ( T a b l e 3). T h e j = 4 m o d e t h a t 
c a n be a t t r i b u t e d to a C u - 0 v i b r a t i o n softens ( c o n t i n u o u s l y ) 
w i t h dec reas ing t e m p e r a t u r e ( f r om 315 c m " 1 a t 300 K to 308 
c m - 1 a t 20 K ) . T h i s m o d e m o s t l i k e l y c o r r e s p o n d s to the 
s t r o n g m o d e s a t 304 a n d 301 c m " 1 ( T a b l e 3) r e s p o n s i b l e for 
the s t rongest r e s t s t r a h l e n b a n d f or Y 2 B a C u 0 5 ( F i g . 12), 

S e v e r a l q u e s t i o n s r e m a i n : (1) W h y does o\ (at r o o m t e m ­
pera ture ) s h o w a m i n i m u m i n the range o f i n f r a r e d ac t ive 
p h o n o n s ? (2) W h y does t h e ; = 1 m o d e o f Y B a 2 C u 3 0 7 have 
a n o s c i l l a t o r s t r e n g t h t h a t is m u c h larger t h a n t h a t o f c o m ­
p a r a b l e m o d e s o f Y 2 B a C u 0 5 , a n d w h y is t h e s t r e n g t h s t r o n g ­
l y d e p e n d e n t o n t e m p e r a t u r e ? W e d is cuss these p o i n t s i n 
S u b s e c t i o n 5.C be low. 

B. Dynamic Conductivity of T l 2 B a 2 C a C u 2 0 8 

T h e (di f fuse) r e f l e c t i v i t y for large f requenc ies ( F i g . 18, inset ) 
c a n be d e s c r i b e d b y D r u d e c o n d u c t i v i t y a c c o r d i n g t o E q . (3) 
a n d b y b o u n d - e l e c t r o n c o n d u c t i v i t y a c c o r d i n g t o r e l a t i o n 
(6), w i t h a „ ^ 6 X 1 0 4 S T 1 m " 1 , vT ^ 9000 c m " 1 , vp ^ 18 000 
c m " 1 , a n d €» 2; these va lues are s i m i l a r for Y B a 2 C u 3 0 7 . 
T h e c o n d u c t i v i t y an is a fac tor o f 5 s m a l l e r t h a n the dc 
c o n d u c t i v i t y a t r o o m t e m p e r a t u r e . 

T h e r e s u l t o f a K r a m e r s - K r o n i g a n a l y s i s o f r e f l e c t i v i t y 
curves is s h o w n i n F i g . 21. T h e c o n d u c t i v i t y curves s h o w 
s t r o n g p h o n o n s t r u c t u r e . I f we desc r ibe the p h o n o n s t r u c -

A. Dynamic Conductivity of YBa 2 Cu 3 0 7 

P o r Y B a 2 C u 3 0 7 t h e r e f l e c t i v i t y a t large f requenc ies c a n be 
d e s c r i b e d b y a D r u d e c o n d u c t i v i t y a c c o r d i n g t o E q . (3) a n d 
by a b o u n d - e l e c t r o n c o n d u c t i v i t y a c c o r d i n g t o r e l a t i o n (6), 
w i t h an 5.4 X 1 0 4 Q " 1 m " 1 , vr ^ 15 000 c m " 1 , vp 20 000 
c m - 1 , a n d a* 2. an is a n o r d e r o f m a g n i t u d e s m a l l e r t h a n 
the d c c o n d u c t i v i t y a t 300 K . W e p e r f o r m e d a K r a m e r s -
K r o n i g a n a l y s i s o f o u r r e f l e c t i v i t y d a t a a n d o b t a i n e d ( F i g . 
20) a p p a r e n t c o n d u c t i v i t i e s , i .e . , c o n d u c t i v i t i e s t h a t f o l l o w 
b y a p p l i c a t i o n o f the h o m o g e n e o u s - m e d i u m t h e o r y . A t 
r o o m t e m p e r a t u r e ( two t o p pane ls ) the r e a l p a r t , <j\, shows a 
b r o a d m i n i m u m , w i t h a v a l u e t h a t is s m a l l e r t h a n (1/2) on, 
a n d increases t o w a r d s m a l l f r equenc ies (be ing c o n s t a n t a t 
y e r y s m a l l f r equenc ies ) , a n d the i m a g i n a r y p a r t shows large 
values at s m a l l f r equenc ies (a2 - * 0 for v 0 ) . T h i s b e h a v -
l o r is n o t D r u d e - l i k e . T o w a r d l ower t e m p e r a t u r e s (for T > 
^c), the d e v i a t i o n f r o m a D r u d e b e h a v i o r increases . F o r l o w 
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Fig. 20. Apparent dynamic conductivity of YBa 2 Cu 3 07. 
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Fig. 21. Apparent dynamic conductivity of Tl 2 Ba2CaCu 2 0 6 . 

t u r e b y L o r e n t z i a n resonance curves a c c o r d i n g t o E q . (4), we 
o b t a i n t h e d o t t e d c u r v e s o f F i g . 21 for t h e r e a l p a r t , a\, a n d 
t h e i m a g i n a r y p a r t , a\y o f the c h a r g e - c a r r i e r c o n d u c t i v i t y . 
T h e r e a l p a r t is n o t a c o n s t a n t , i .e. , is n o t D r u d e - l i k e , e v e n a t 
h i g h t e m p e r a t u r e s , b u t shows a b r o a d m i n i m u m i n the range 
o f t h e p h o n o n resonances . F o r l o w e r t e m p e r a t u r e s t h e 
m i n i m u m b e c o m e s m o r e p r o n o u n c e d . A t l o w t e m p e r a t u r e s 
a\ increases s t r o n g l y w i t h d e c r e a s i n g f r e q u e n c y a n d reaches 
va lues la rger t h a n on. T h e i m a g i n a r y p a r t , <r£, is a l m o s t zero 
a t h i g h t e m p e r a t u r e a n d increases , m a i n l y a t l o w f r e q u e n ­
cies , t o w a r d l o w t e m p e r a t u r e s . T h e s t r o n g increase o f <J\ 
w i t h d e c r e a s i n g t e m p e r a t u r e f o u n d for T<TC g ives e v i d e n c e 
o f t h e i n f l u e n c e o f s u p e r c o n d u c t i v i t y o n t h e d y n a m i c c o n ­
d u c t i v i t y . H o w e v e r , n o c o n c l u s i o n c a n be d r a w n w i t h r e ­
spect to a n energy gap . 

A d e s c r i p t i o n o f t h e n a r r o w resonances ( F i g . 21) b y L o ­
r e n t z i a n o s c i l l a t o r s a c c o r d i n g t o E q . (4) r e s u l t s i n t h e d a t a o f 
T a b l e 5. W e f i n d seven i n f r a r e d - a c t i v e p h o n o n m o d e s . A s 
we h a v e a l r e a d y m e n t i o n e d , we a t t r i b u t e t h e ; - 1 m o d e t o a 
t h a l l i u m v i b r a t i o n , t h e / = 2 m o d e to a b a r i u m v i b r a t i o n , a n d 
t h e o t h e r m o d e s to C u - 0 v i b r a t i o n s . T h e d a m p i n g o f t h e 
m o d e s increases w i t h i n c r e a s i n g resonance f r e q u e n c y ; t h e 
j - 2 m o d e becomes n a r r o w e r a t l o w t e m p e r a t u r e s . T h e 
m o s t p r o m i n e n t m o d e , ; = 4 (near 300 c m " 1 ) n e a r l y c o i n c i d e s 
w i t h c o r r e s p o n d i n g m o d e s for YBa2Cu 30? ( T a b l e 4) a n d 
Y 2 B a C u O s ( T a b l e 3) a n d shows a t e m p e r a t u r e d e p e n d e n c e 
s i m i l a r t o those o f these m o d e s . A c c o r d i n g t o r e f l e c t i o n 
d a t a ( F i g . 15), t h e same m o d e a p p e a r s to l i e ~ 1 0 % h i g h e r i n 
t h e 2201 t h a l l i u m c o m p o u n d s . T h u s t h e m o d e n e a r 300 
c m - 1 seems to be c h a r a c t e r i s t i c o f t h e c u p r a t e s , a t least f or 
those s t u d i e d i n t h e r e s e a r c h p r e s e n t e d i n t h i s p a p e r . I t is 
u n c l e a r w h e t h e r t h i s C u - 0 v i b r a t i o n p l a y s a d i r e c t ro le i n 
t h e o c currence o f h i g h - T c s u p e r c o n d u c t i v i t y . 

O u r a n a l y s i s p r o d u c e s a n o m a l o u s l y large v a l u e s o f S ; , 
i .e. , the o s c i l l a t o r s t r e n g t h o f t h e b a r i u m v i b r a t i o n 0 = 2 
m o d e , T a b l e 5) is a n o r d e r o f m a g n i t u d e la rger t h a n o s c i l l a ­
t o r s t r e n g t h s f or l o w - f r e q u e n c y m o d e s i n Y 2 B a C u O s ( T a b l e 
3) , a n d t h e s t r e n g t h o f t h e C u - 0 r e sonance near 300 c m " 1 

seems to be m o r e t h a n a n o r d e r o f m a g n i t u d e la rger t h a n for 
Y 2 B a C u 0 5 . F u r t h e r m o r e , t h e ; = 7 resonance is e x p e c t e d , 
a c c o r d i n g t o t h e L y d d a n e - S a c h s - T e l l e r r e l a t i o n , to have 
a l o n g i t u d i n a l o p t i c p h o n o n f r e q u e n c y o f 710 c m - 1 ( for e<* = 
2); s u c h a f r e q u e n c y is e x t r e m e l y h i g h . F i n a l l y , a c c o r d i n g 
to o u r a n a l y s i s , t h e s t a t i c d i e l e c t r i c c o n s t a n t es = em + 

Y, $j w o u l d be a l m o s t a n o r d e r o f m a g n i t u d e larger t h a n for 
Y 2 B a C u O s a n d w o u l d be s t r o n g l y t e m p e r a t u r e dependent ; 
w i t h €« = 2 w e f i n d t h a t c s (300 K ) s- 38 , * s (120 K ) « 42, a n d 
€ 5(50 K ) « 58. 

T h e a n a l y s i s o f t h e r e f l e c t i v i t y s p e c t r a o f Tl 2 Ba2CaCu 208 
( a n d o f t h e o t h e r m e m b e r s o f t h e series) ra ises quest ions 
s i m i l a r to those for t h e a n a l y s i s o f Y B a 2 C u 3 0 7 , namely : 
W h y does t h e r e a l p a r t o f <t\ s h o w a m i n i m u m ; w h y are the 
o s c i l l a t o r s t r e n g t h s o f t h e p h o n o n s a n o m a l o u s l y large , and 
w h y d o t h e y increase s t r o n g l y w i t h d e c r e a s i n g t e m p e r a t u r e . 
A f u r t h e r d i s c u s s i o n is g i v e n i n S u b s e c t i o n 5 .C. 

C. Network Theory for Conducting Ceramics 
T h e r e s u l t s above s h o w t h a t l i n e a r a d d i t i o n o f a phonon i c 
a n d a n e l e c t r o n i c c o n d u c t i v i t y , i .e . , t r e a t m e n t o f t h e m e t a l -
c e r a m i c m a t e r i a l s as a h o m o g e n e o u s m a t e r i a l , does n o t lead 
to a s i m p l e a n d c o n s i s t e n t d e s c r i p t i o n o f t h e f a r - i n f r a r e d 
r e f l e c t i v i t y o f Y B a 2 C u 3 0 7 a n d Tl 2 Ba 2 CaCu208 ( a n d o f the 
o t h e r m e m b e r s o f the Tl2Ba 2 CanCun+i0 2 n+6 series) . We 
have t r i e d t o m o d i f y the a n a l y s i s b y u s i n g the so-cal led 
e f f e c t i v e - m e d i u m t h e o r y 4 7 w h e n t w o c o n d u c t i v i t i e s are 
m i x e d i n a c o m p l i c a t e d w a y . H o w e v e r , t h i s p r o c e d u r e d i d 
n o t p r o d u c e a s a t i s f a c t o r y d e s c r i p t i o n o f the f a r - i n f r a r e d 
r e f l e c t i v i t y e i t h e r ; i n t h i s t h e o r y , t h e s t r u c t u r e i n the reflec­
t i v i t y s p e c t r a becomes a l m o s t s m e a r e d out . 

T h e e x p e r i m e n t a l r e f l e c t i v i t y s p e c t r a , i n p a r t i c u l a r those 
for t h e 2201 a n d 2212 phases o f t h e t h a l l i u m c o m p o u n d s 
(F igs . 1 6 - 1 8 ) , s h o w w e l l - p r o n o u n c e d p h o n o n s t r u c t u r e w i t h 
r e s t s t r a h l e n b e h a v i o r a t large f r equenc i e s t y p i c a l for i n s u l a t ­
i n g m a t e r i a l a n d , o n t h e o t h e r h a n d , a h i g h b a c k g r o u n d 
r e f l e c t i v i t y c h a r a c t e r i s t i c f or m a t e r i a l o f h i g h charge - carr i e r 
c o n d u c t i v i t y . T h e b e h a v i o r a t large f r equenc i e s w o u l d seem 
to i n d i c a t e t h a t we c o u l d a d d r e f l e c t i v i t i e s o f i n s u l a t i n g a n d 
c o n d u c t i n g p a r t s . S u c h a d e s c r i p t i o n i s , h o w e v e r , too naive, 
because i t does n o t d e l i v e r a r e f l e c t i v i t y c lose to 1 a t s m a l l 
f r equenc i es ; f u r t h e r m o r e , t h e n a r r o w p h o n o n resonances 
w i t h r e d u c t i o n o f r e f l e c t i v i t y a t s m a l l f r equenc ies c a n n o t be 
e x p l a i n e d . A poss ib l e s o l u t i o n o f t h i s p u z z l e m a y be ob­
t a i n e d b y t a k i n g i n t o a c c o u n t t h a t the c o n d u c t i n g g r a i n s are 
c o n n e c t e d c o n t i n u o u s l y , e s t a b l i s h i n g a t h r e e - d i m e n s i o n a l 
n e t w o r k (as i n d i c a t e d b y a n i s o t r o p i c d c c o n d u c t i v i t y ) that 
c o n t a i n s i n s u l a t i n g m a t e r i a l i n t h e ho les ; a c h a r a c t e r i s t i c 
d i a m e t e r o f t h e ho les m a y c o r r e s p o n d to t h e g r a i n s ize ( t y p i ­
c a l l y o f the o r d e r o f 10 ^ m ) . T h e n , a t s m a l l f requencies 
w h e r e t h e w a v e l e n g t h o f the i n f r a r e d r a d i a t i o n is large c o m ­
p a r e d w i t h t h e g r a i n s ize , r e f l e c t i o n o c curs m a i n l y a t the 
m e t a l l i c n e t w o r k ; a t larger f r equenc i es w h e r e the wave­
l e n g t h is c o m p a r a b l e w i t h the s ize o f the g r a i n s , t h e r a d i a t i o n 
c a n p e n e t r a t e i n t o t h e ho les o f the n e t w o r k a n d c a n be 

Table 5. Infrared-Active Phonons of Tl 2 Ba 2 CaCu208 
for 300 K (and 20 K) 

j VJ (cm"1) Sj Tj (cm"1) ^ 

1 75 11 10 
2 142 7(13) 20 (10) 
3 222 2(5) 30 
4 311 (302) 10 (16) 45 
5 460 1(3) 50 
6 520 2(4) 70 
7 565 3(4) 70 

E S , 36(56) E S , 36(56) 



reflected m a i n l y a t t h e n o n m e t a l l i c m a t e r i a l , g i v i n g r i se t o 
r e s t s t r a h l e n l i k e r e f l e c t i v i t y . 

T o i l l u s t r a t e t h i s v i e w we h a v e p e r f o r m e d a m o d e l c a l c u l a ­
t i on , a s s u m i n g t h a t a m e t a l - c e r a m i c s a m p l e c a n be r e p r e ­
sented b y a t h i c k p l a t e o f p e r f e c t l y c o n d u c t i n g m a t e r i a l w i t h 
holes f i l l e d w i t h i n s u l a t i n g m a t e r i a l . S u c h s t r u c t u r e s are 
descr ibed i n t h e l i t e r a t u r e as f i l t e r s f o r f a r - i n f r a r e d r a d i a ­
t i on . L a r g e - w a v e l e n g t h r a d i a t i o n c a n n o t p e n e t r a t e i n t o the 
holes a n d becomes r e f l e c t e d , w h i l e s m a l l - w a v e l e n g t h r a d i a ­
t i on c a n p e n e t r a t e a n d is p a r t l y r e f l e c t e d a n d , i f t h e i n s u l a t -
m g m a t e r i a l is n o n a b s o r b i n g , is p a r t l y t r a n s m i t t e d ; d i f f r a c ­
t ion c a n oc cur , too . T h e p e n e t r a t i o n o f r a d i a t i o n i n t o the 
holes c a n be d e s c r i b e d b y a c o m p l e x wave vec tor k = noj/c, 
w h e r e t h e c o m p l e x r e f r a c t i v e i n d e x n is r e l a t e d t o the c o m ­
plex d i e l e c t r i c f u n c t i o n 6 o f t h e f i l l i n g m a t e r i a l b y 4 8 

n2 = t - vliv2, (9) 

where vc = Aid is a c h a r a c t e r i s t i c f r e q u e n c y , d is the d i a m e ­
ter of t h e ho les , a n d A is a c o n s t a n t o f t h e o r d e r o f 1 (A = 0.56 
f o r the T E M n m o d e ) . E q u a t i o n (9) descr ibes the p r o p e r t y 
of the w h o l e p l a t e i f i t is a s s u m e d t h a t t h e holes are s epara t -
e d f r o m one a n o t h e r b y t h i n c o n d u c t i n g w a l l s . W h e n f i n i t e 
l a t e r a l e x t e n s i o n o f the c o n d u c t i n g m a t e r i a l was t a k e n i n t o 
account , t h e t h e o r y h a d to be m o d i f i e d . W e n o w assume for 
s i m p l i c i t y t h a t a p o r t i o n o f i n c i d e n t r a d i a t i o n is d i r e c t l y 
re f lec ted at t h e sur face o f t h e c o n d u c t i n g m a t e r i a l w h i l e 
another p o r t i o n p e n e t r a t e s i n t o the holes . F o r a c a l c u l a t i o n 
w e assume t h a t t w o t h i r d s o f t h e i n c i d e n t r a d i a t i o n i n t e n s i t y 
is d i r e c t l y r e f l e c t ed , i .e. , t h a t t w o t h i r d s o f t h e m a t e r i a l 
surface is i d e a l l y c o n d u c t i n g . W e t h e n desc r ibe the rest o f 
the r a d i a t i o n , w h i c h p e n e t r a t e s i n t o t h e ho les , b y E q . (9). 
^ e assume a ho l e d i a m e t e r d a* 10 j i m , i .e. , vc 560 c m - 1 , 
a n d t a k e i n t o a c c o u n t t w o p h o n o n resonances t h a t we de ­
scr ibe b y E q . (4), w i t h e igen f requenc ies v\ = 150 c m " 1 a n d v2 

* 570 c m " 1 , s t r e n g t h s S i = S2 = 0.8, a n d r e l a t i v e d a m p i n g 
constants Tjvi = T2/v2 = 0.05. W i t h = 4, we o b t a i n the 
curve o f F i g . 22. A t s m a l l f r equenc ies t h e r e f l e c t i v i t y is 
a l m o s t 1 a n d shows a s h a r p c u t o f f a t t h e c u t o f f f r e q u e n c y vj 
n ^ 250 c m - 1 . T h e p h o n o n resonance w i t h a resonance 
f r e q u e n c y b e l o w t h e c u t o f f f r e q u e n c y a p p e a r s as a s h a r p d i p 
i n the r e f l e c t i v i t y c u r v e , w h i l e t h e p h o n o n resonance above 
the c u t o f f l eads to a t y p i c a l b r o a d r e s t s t r a h l e n b a n d w i t h a 
steep r i se o f r e f l e c t i v i t y a t the resonance f r e q u e n c y a n d a 
steep decrease n e a r t h e l o n g i t u d i n a l o p t i c f r e q u e n c y v%\ 
( ^ 6 3 0 c m " 1 ) , w h i c h f o l l ows f r o m t h e L y d d a n e - S a c h s - T e l l e r 
r e l a t i o n v\{ = v\(e„ + S2)/e«>; no te t h a t a t e m p e r a t u r e d e p e n ­
dence of t h e d a m p i n g of t h e o s c i l l a t o r s l eads t o a change of 
the s t r u c t u r e o f the r e f l e c t i v i t y s p e c t r u m . 

A l t h o u g h o u r t h e o r e t i c a l t r e a t m e n t has a r a t h e r q u a l i t a ­
t ive c h a r a c t e r , the t h e o r e t i c a l c u r v e ( F i g . 22) shows t h e m a i n 
features o f e x p e r i m e n t a l r e f l e c t i v i t y curves . A c o m p a r i s o n 
w i t h e x p e r i m e n t a l r e su l t s for t h e 2201 a n d 2212 phases o f 
the T l 2 B a 2 C a r a C u n + i 0 2 n + 6 series (F igs . 16-18) suggests a c u t ­
off f r e q u e n c y near 200 c m " 1 (as a s s u m e d i n o u r e x a m p l e of 
F i g . 22), c o r r e s p o n d i n g t o a c h a r a c t e r i s t i c d i m e n s i o n o f n o n ­
c o n d u c t i n g areas o f t h e o r d e r o f 10 ^ m . T h e s e n o n c o n d u c t ­
ing areas m a y c o r r e s p o n d t o c r y s t a l l i t e s w i t h the c ax i s i n the 
s a m p l e p l a n e . O u r c a l c u l a t i o n t h e n h o l d s for the e l e c t r i c 
field vec tor o f the r a d i a t i o n p a r a l l e l t o the c ax i s . I n t h i s 
d i r e c t i o n the d y n a m i c c o n d u c t i v i t y is m o s t l i k e l y n e g l i g i b l y 
s m a l l . I n a s t a t i s t i c a l a r r a n g e m e n t o f c r y s t a l l i t e s one t h i r d 
of the e l e c t r o m a g n e t i c wave w o u l d h i t n o n c o n d u c t i n g m a t e -
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Fig. 22. Calculated far-infrared reflectivity for a conducting net­
work containing nonconducting material. 

r i a l (as a s s u m e d i n o u r e x a m p l e ) . S h a r p r e f l e c t i o n d i p s a t 
s m a l l f requenc ies a n d r e s t s t r a h l e n b a n d s at larger f r e q u e n ­
cies are d e s c r i b e d w e l l b y o u r t h e o r y . T h u s o u r a n a l y s i s 
r e p r o d u c e s t h e m a i n s t r u c t u r e o f the f a r - i n f r a r e d r e f l e c t i v i t y 
s p e c t r a , a n d i t l eads t o s t r e n g t h s Sj (<1) t h a t seem t o be 
m u c h m o r e r e a l i s t i c (for i n s t a n c e , i f c o m p a r e d w i t h va lues 
for Y 2 B a C u 0 5 ) t h a n those o b t a i n e d w i t h t h e h o m o g e n e o u s -
m e d i u m t h e o r y ( T a b l e 5) . 

W e also a p p l y the t h e o r y t o t h e s i n g l e - p h a s e c e r a m i c 
Y B a 2 C u 3 0 7 s a m p l e ( F i g . 11) a n d f i n d a s t r e n g t h Si » 0.2 
( a n d S2 » 0.02); for t h e o t h e r m o d e s Sj« 0.5 m a y be suggest ­
ed . I t f o l l ows , b y u s i n g t h e L y d d a n e - S a c h s - T e l l e r r e l a t i o n 
( a n d t a k i n g = 4) , t h a t t h e c o r r e s p o n d i n g j = 1 l o n g i t u d i n a l 
m o d e has a f r e q u e n c y vij « 164 c m " 1 . W e k n o w t h a t a n 
ear l i e r l a t t i c e d y n a m i c c a l c u l a t i o n (for Y B a 2 C u 3 0 6 ) d e l i v ­
e r e d 4 9 vi = 153 c m " 1 a n d vu - 163 c m " 1 for the b a r i u m 
m o d e . A larger b u t n a r r o w e r d i p at 153 c m " 1 for a n o t h e r 
Y B a 2 C u 3 0 7 s a m p l e , 5 0 w h i c h s h o w e d s l i g h t l y h i g h e r r e f l e c t i v ­
i t y t h a n o u r s a m p l e , is f u l l y c o n s i s t e n t w i t h o u r a n a l y s i s ( a n d 
w i t h Si ~ 0.2). 

W e stress t h a t the r e f l e c t i v i t y b e h a v i o r o f m i x e d - p h a s e 
s a m p l e s ( S u b s e c t i o n s 4 . B a n d 4 .C) is f u l l y c o n s i s t e n t w i t h 
o u r a n a l y s i s . 

O u r t h e o r y c a n be i m p r o v e d i n s e v e r a l ways . F i r s t , we c a n 
i n t r o d u c e m o r e t h a n t w o resonances . T h e n , we c a n t a k e 
i n t o a c c o u n t f i n i t e c o n d u c t i v i t y , w h i c h l eads t o a f r e q u e n c y -
d e p e n d e n t m o d i f i c a t i o n o f t h e r e f l e c t i v i t y o f the m e t a l l i c 
n e t w o r k ( i n c l u d i n g the b a c k g r o u n d r e f l e c t i v i t y ) . A t h i g h 
t e m p e r a t u r e s , d e s c r i p t i o n b y D r u d e c o n d u c t i v i t y , a n d at l o w 
t e m p e r a t u r e s (T < T c ) , d e s c r i p t i o n b y M a t t i s - B a r d e e n c o n ­
d u c t i v i t y m a y n o w l e a d t o a c o n s i s t e n t d e s c r i p t i o n o f the 
f r ee - charge - car r i e r c o n d u c t i v i t y . F o r a m o r e q u a n t i t a t i v e 
d e s c r i p t i o n o f t h e e x p e r i m e n t a l r e s u l t s a d i s t r i b u t i o n o f v a r i ­
ous ho l e d i a m e t e r s ( a n d a lso o f h o l e shapes) m a y be neces­
sary . F i n a l l y , i n a m o r e e laborate t h e o r y we m u s t t a k e i n t o 
a c c o u n t a p p r o p r i a t e b o u n d a r y c o n d i t i o n s f o r the e l e c t ro ­
m a g n e t i c waves i n c i d e n t u p o n t h e m e t a l l i c n e t w o r k . 

6. C O N C L U S I O N S 

W e have p r e s e n t e d a s y s t e m a t i c i n v e s t i g a t i o n o f c e r a m i c 
h i g h - Tc m a t e r i a l s a n d r e l a t e d m a t e r i a l s . W e d e s c r i b e d p r o ­
cedures t h a t we u s e d for s a m p l e p r e p a r a t i o n , a n d we p r e ­
sented resu l t s o f a c a r e f u l a n a l y s i s b y x - r a y d i f f r a c t i o n m e t h -



ods t h a t a l l o w e d us to d e t e r m i n e s t r u c t u r e a n d p h a s e c o m ­
p o s i t i o n . W e r e p o r t e d o n v a r i o u s t e c h n i q u e s , s u c h as 
e l e c t r i c , m a g n e t i c , t u n n e l , a n d R a m a n e x p e r i m e n t s , f or a 
bas i c c h a r a c t e r i z a t i o n o f t h e m a t e r i a l s . W e d i s c u s s e d f a r -
i n f r a r e d r e f l e c t i o n m e a s u r e m e n t s w i t h t h e a i m o f d e t e r m i n ­
i n g t h e d y n a m i c c o n d u c t i v i t y t h a t is r e l a t e d to free charge 
c a r r i e r s , a n d there f o re t o s u p e r c o n d u c t i v i t y , a n d t o o b t a i n 
i n f o r m a t i o n o n p h o n o n s . B e s i d e s a g e n e r a l s u r v e y o f t h e 
f a r - i n f r a r e d r e f l e c t i o n b e h a v i o r o f ( c o m p l i c a t e d ) c e r a m i c 
m a t e r i a l s , we p r e s e n t e d a d e t a i l e d a n a l y s i s a n d c o m p a r i s o n 
of t h e r e f l e c t i o n d a t a f o r s i n g l e - p h a s e s a m p l e s o f ( n o n c o n ­
d u c t i n g ) Y 2 B a C u 0 5 a n d ( c o n d u c t i n g ) Y B a 2 C u 3 0 7 a n d 
T l 2 B a 2 C a C u 2 0 8 . T h e s i m i l a r i t y o f p r o m i n e n t p h o n o n 
s t r u c t u r e o c c u r r i n g i n a l l t h r e e c o m p o u n d s l eads us to s u g ­
gest t h a t t h e f a r - i n f r a r e d r e f l e c t i v i t y o f c e r a m i c c o n d u c t o r s , 
w i t h s t a t i s t i c a l a r r a n g e m e n t o f c r y s t a l l i t e s t h a t s h o w c o n ­
d u c t i v i t y i n t h e p l a n e p e r p e n d i c u l a r to the c ax i s b u t a l m o s t 
n o c o n d u c t i v i t y a l o n g t h e c a x i s , is d e t e r m i n e d m a i n l y b y t h e 
g e o m e t r i c s t r u c t u r e o f t h e m a t e r i a l : a c o n d u c t i n g t h r e e -
d i m e n s i o n a l n e t w o r k t h a t c o n t a i n s n o n c o n d u c t i n g m a t e r i a l . 
A t s m a l l a n d large f r equenc i e s the c o n d u c t i n g n e t w o r k 
m a i n l y d e t e r m i n e s the r e f l e c t i v i t y , w h i l e i n t h e range o f t h e 
r e s t s t r a h l e n b a n d s t h e n o n c o n d u c t i n g m a t e r i a l l eads to p r o ­
n o u n c e d p h o n o n s t r u c t u r e . A t h e o r e t i c a l t r e a t m e n t i n d i ­
cates t h a t t h e s h a p e o f t h e p h o n o n s t r u c t u r e d e p e n d s s e n s i ­
t i v e l y o n t h e g e o m e t r i c d i m e n s i o n s o f t h e c o n d u c t i n g n e t ­
w o r k . O u r a n a l y s i s g ives e v i d e n c e t h a t Y B a 2 C u 3 0 7 a n d 
T l2Ba 2 CaCu20 h a v e s u p e r c o n d u c t i n g energy gaps , w i t h 2 A / 
kTc e± 5, a n d t h a t , p o s s i b l y , d i s t r i b u t i o n s o f energy gaps 
o c cur . 
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