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VELOCITY AND ATTENUATION OF STRESS WAVES IN GdBa2CuaOv 
NEAR THE SUPERCO~}UCTING TRANSITION 

by 

S. E. Brown. A. Higliori, and Z. Fisk 
Physics Division. Los Alamos National Laboratory 

Los Alamos. New Mexico 87545 

Received 5 Nov. 1987 by G. Burns 

We have measured the Young's modulus (E) and quality factor (Q) using a resonant 
bar method in the ceramic superconductor GdBa2Cu307 as a function of temperature 
and magnetic field. In contrast to previous pulse-echo and resonant ultrasound 
results for YBamCu3Ov_ 5. we find no dramatic stiffening below T c. The associated Q 
increases smoothly by approximately an order of magnitude from ambient temperature to 
I00 K. Below T c. Q is a strong function of magnetic field, suggesting significant 
attenuation from flux motion in the sample. 

Thermodynamic  p r o b e s  have  p r o v e n  to  be  o f  
v a l u e  i n  t he  s t u d y  of  t he  s u p e r c o n d u c t i n g  p h a s e  
t r a n s i t i o n  b e c a u s e  t h e  f r e e  e n e r g y  of  s u p e r -  
c o n d u c t o r s  c a n  be d e t e r m i n e d  i n d e p e n d e n t l y  o f  a 
m i c r o s c o p i c  f o r m a l i s m .  The b u l k  thermodynamic  
p r o p e r t i e s  d e r i v e d  f rom the  f r e e  e n e r g y  t h e n  
c o n s t r a i n  a m i c r o s c o p i c  d e s c r i p t i o n  and p r o v i d e  
a good test for its validity. The sound velo- 
cities, or more precisely, the elastic moduli, 
are particularly valuable because extremely 
small changes can be detected, on the order of 
O.1 parts per million (ppm). This is suffi- 
ciently sensitive to enable observation of 
changes related to variations of the free energy 
near the superconducting critical temperature 
TC. I 

A more e a s i l y  o b s e r v e d  f e a t u r e  of  c o n v e n -  
t i o n a l  s u p e r c o n d u c t i v i t y  i s  t h e  r a p i d  d e c r e a s e  
i n  u l t r a s o n i c  a t t e n u a t i o n  be low Tc .2 T h i s  i s  
r e l a t e d  d i r e c t l y  to  t h e  q u a s i - p a r t i c l e  d e n s i t y ,  
b e c a u s e  t h e  p r i n c i p a l  l o s s  mechanism f o r  sound  
waves  i n  m e t a l s  a t  low t e m p e r a t u r e s  i s  
d i s s i p a t i o n  f rom e l e c t r o n i c  c u r r e n t s  induced  by 
t h e  d i s p l a c e m e n t  o f  t h e  i o n s  by the  sound  f i e l d .  

The r e c e n t  i n t e r e s t  i n  o x i d e  s u p e r c o n d u c -  
t o r s  h a s  m o t i v a t e d  s e v e r a l  u l t r a s o u n d  s t u d i e s  
of  t h e  compounds (La -Sr )2Cu04  ~ and  

3 ,4 .5  - -~  ~ a m C u o 0 7 _  ~. H e a s u r e m e n t s  o f  t he  b u l k  
modu lus  B o f  VBa2C~307 show a s u b s t a n t i a l  
i n c r e a s e  i n  IdB/dT] be low T c, i n d i c a t i n g  t h a t  
t h e r e  a r e  p h y s i c a l  p r o c e s s e s  a s s o c i a t e d  w i t h  the  
s u p e r c o n d u c t i v i t y  t h a t  r e q u i r e  a more c o m p l i -  
c a t e d  t r e a t m e n t  t h a n  s i m p l e  the rmodynamic  
a r g u m e n t s  c a n  p r o v i d e  ( t h e  s t a n d a r d  a s s u m p t i o n  
b e i n g  t h a t  o n l y  t h e  d i f f e r e n c e  i n  f r e e  e n e r g y  of  
t h e  e l e c t r o n s  v a r i e s  n e a r  T c w h i l e  t he  l a t t i c e  
i s  a n  u n c h a n g i n g  b a c k g r o u n d ) .  

I n  t h i s  Conm~mica t ion ,  we r e p o r t  on 
a c o u s t i c a l  m e a s u r e m e n t s  i n  s i n t e r e d  GdBa2Cu3Ov_ ~ 
u s i n g  r e s o n a n t  u l t r a s o u n d  a t  f r e q u e n c i e s  n e a r  
320 kHz. T h i s  low f r e q u e n c y  c i r c u m v e n t s  some o f  
t he  p r o b l e m s ,  d e s c r i b e d  be l ow ,  a s s o c i a t e d  w i t h  
the  g r a n u l a r  n a t u r e  o f  t he  s a m p l e s .  We a c h i e v e d  

q u a l i t y  f a c t o r s  ( t h e  Q o f  t he  r e s o n a n c e )  i n  
e x c e s s  o f  103 a t  100 K, e n a b l i n g  us  to  o b t a i n  a 
p r e c i s i o n  o f  s l i g h t l y  b e t t e r  t h a n  1 ppm. In  
c o n t r a s t ,  t he  h i g h e r  f r e q u e n c i e s  u s e d  in  p u l s e -  
echo  m e a s u r e m e n t s  a r e  a t t e n u a t e d  h e a v i l y ,  mos t  
l i k e l y  f rom d i s s i p a t i o n  and s c a t t e r i n g  a t  g r a i n  
b o u n d a r i e s .  Be ca use  good s e n s i t i v i t y  to  
v e l o c i t y  c h a n g e s  depends  on a l a r g e  number o f  
e c h o e s ,  a t  b e s t  1 p a r t  i n  104 c o u l d  be  d e t e c t e d  
i n  o u r  30 MHz p u l s e - e c h o  s y s t e m .  

The s a m p l e s  were  p r e p a r e d  f rom the  o x i d e  
powder s  Gd203 and  CuO, and b a r i u m  c a r b o n a t e  
(BaC03).  The s t a r t i n g  m a t e r i a l s  were  g r ound  and 
f i r e d  t w i c e  a t  950C, and t h e n  p r e s s e d  i n t o  a 
r i g h t  c i r c u l a r  c y l i n d e r  ( 6 . 2 5  cm x 6 . 0 0  cm) a t  a 
p r e s s u r e  o f  3 k b a r .  We were  a b l e  to  a c h i e v e  84% 
d e n s i t y  by t h i s  method .  To e n s u r e  p a r a l l e l  
f a c e s  f o r  t h e  a c o u s t i c  m e a s u r e m e n t s ,  t he  ends  
were  mach ined  w i t h  a s p e c i a l  f i x t u r e  on a 
m i l l i n g  ma ch ine .  Sample c h a r a c t e r i z a t i o n  was 
p e r f o r m e d  w i t h  a Quantum D e s i g n  6 s u s c e p t o m e t e r ,  
f rom wh ich  we found  Tc = 9 4 . 5  K ± 0 . 5  K. The 
M e i s s n e r  s i g n a l  was 35~ o f  ~ = - 1 /4v .  Upon 
c o o l i n g  to  10 K i n  z e r o  f i e l d ,  c o m p l e t e  
s h i e l d i n g  o f  t h e  f i e l d  i n  t he  i n t e r i o r  o f  t he  
sample  was o b s e r v e d .  

The t r a n s d v c e r s  were  LINbO 3 f rom V a l p e y -  
F i s h e r ,  v 1 /4"  i n  d i a m e t e r  h a v i n g  c o a x i a l  
e l e c t r o d e s  ( 1 / 8 "  a c t i v e  a r e a ) ,  w i t h  c r y s t a l  a x e s  
o r i e n t e d  to  e x c i t e  t he  l o n g i t u d i n a l  modes o f  t he  
s amp le .  A t r a n s d u c e r  on one end was u s e d  to  
d r i v e  the  s a mp le  and  a s ec ond  t r a n s d u c e r  on t h e  
o t h e r  end was u s e d  to  d e t e c t .  The t r a n s d u c e r s  
were  a t t a c h e d  w i t h  S t y c a s t  12C~5 epoxy .  To 
p r e v e n t  epoxy  f rom d i f f u s i n g  in ,  2000 ~ Cu was 
e v a p o r a t e d  on  e a c h  end o f  t h e  sample  b e f o r e  t he  
t r a n s d u c e r s  were  a t t a c h e d .  

I n  t he  r e s o n a n t  method,  we e x c i t e  t he  
f u n d a m e n t a l  c o m p r e s s i o n a l  mode o f  t h e  b a r ,  and 
t h e r e f o r e  t h e  sound  v e l o c i t y  v i s  a p p r o x i m a t e l y  
r e l a t e d  to  t h e  r e s o n a n t  f r e q u e n c y  fo by 
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w h e r e  X = 2L (L i s  t h e  s a m p l e  l e n g t h ) ,  E i s  
Y o u n g ' s  m o d u l u s ,  a n d  p i s  t h e  mass  d e n s i t y .  
T h i s  v a l u e  o f  v i s  a p p r o x i m a t e l y  20% l o w e r  t h a n  
f o r  a s o u n d  beam i n  a n  i n f i n i t e  medium, s 
M o d e r a t e  d r i v e  l e v e l s  (>200 mV) c a u s e d  some 
b a c k b e n d i n §  i n  t h e  t u n i n g  c u r v e s  of  t h e  
r e s o n a n c e ,  so  we a l w a y s  m e a s u r e d  w i t h  l e s s  t h a n  
100 mV a p p l i e d  t o  t h e  d r i v i n g  t r a n s d u c e r .  
A l t h o u g h  many r e s o n a n c e s  c o u l d  be  d r i v e n ,  we 
c o n c e n t r a t e d  on  t h e  f u n d a m e n t a l  l o n g i t u d i n a l  
mode w h i c h  we w e r e  a b l e  t o  i d e n t i f y  w i t h  t h e  
h e l p  o f  a p u l s e - e c h o  e x p e r i m e n t  a t  a m b i e n t  
t e m p e r a t u r e .  We o b t a i n e d  v = 4 . 4  i 0 . 2  k m / s  
f rom p u l s e - e c h o ,  a n d  v = 4 . 3  i 0 . 1  k m / s  f rom t h e  
r e s o n a n t  e x p e r i m e n t s .  Our t r a n s d u c e r s  c o u l d  
a l s o  w e a k l y  e x c i t e  s h e a r  r e s o n a n t  modes .  The 
s h e a r  v e l o c i t y  we o b t a i n e d  was 2 . 6  k m / s  i 0 . 1  
f rom t h e  r e s o n a n t  m e t h o d  (no  number  was o b t a i n e d  
f rom p u l s e - e c h o ) .  T h e s e  v a l u e s  a r e  c o n s i s t e n t  
w i t h  some r e c e n t  s t a t i c  m e a s u r e m e n t s .  ~° The 
c o r r e c t i o n  t o  t h e  r e s o n a n t  f r e q u e n c y  f rom 
t r a n s d u c e r  mass  l o a d i n g  i s  s m a l l ,  r e d u c i n g  t h e  
r e s o n a n t  f r e q u e n c i e s  a p p r o x i m a t e l y  3%. ~ 
G e o m e t r y  c o r r e c t i o n s  w e r e  e s t i m a t e d  t o  be  l e s s  
t h a n  8%. 11 

In the course of our measurements, we often 
detected small unexplained shifts in resonant 
frequency. The highly anisotropic and randomly- 
oriented grains suggest that movement due to 
strain relaxation at the grain boundaries or 
alterations of the twin ~2 structure at some 
arbitrary temperature could have caused such 
effects. We note that our noise floor was well 
below these jumps. In Fig. I, we show velocity 
data for two different samples. The sample used 
for the upper plot (sample I) was cycled between 
ambient temperature and 40 K several times. The 
lower plot (sample If) is of measurements taken 
during the initial cooldown. We found it 
typical for the samples to undergo many small 
"earthqua/<es" at lower temperatures (~I00 K) 
before stabilizing. This effect became less 
prevalent with further thermal cycling. 

The d a t a  shown f o r  s a m p l e  I was t a k e n  
d u r i n g  t h e  f i n a l  r u n .  The 70 ppm d i s c o n t i n u o u s  
d r o p  o f  t h e  r e s o n a n t  f r e q u e n c y  a t  T c was 
o b s e r v e d  on f o u r  s e p a r a t e  e x p e r i m e n t a l  r u n s .  (h~ 
two o t h e r  r u n s ,  s m a l l  jumps o c c u r e d  a t  many 
temperatures, masking a ny  e f f e c t s  a t  T c. Just 
b e l o w  t h e  t r a n s i t i o n  t e m p e r a t u r e ,  t h e  r e s o n a n t  
f r e q u e n c y  fo  i n c r e a s e d  a t  a r a t e  of  30 ppm/K, 
w i t h  t h e  s l o p e  d e c r e a s i n g  i n  m a g n i t u d e  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 .  

P u r e l y  t h e r m o d y n a m i c  a r g u m e n t s  f o r  a s e c o n d  
o r d e r  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  g i v e ,  f o r  t h e  
d i s c o n t i n u i t y  i n  t h e  b u I k  m odu lus  B a t  Tc,  

(2) 
AB B [_OItc] 2 
B - ~ , ,  [0-g-j ; t t = o  

w h e r e  AB i s  t h e  c h a n g e  a t  T c. I f  u n i a x i a l  
s t r e s s  i s  u s e d  a s  t h e  thermodyruamic  v a r i a b l e ,  
r a t h e r  t h a n  p r e s s u r e ,  i n  t h e  d e r i v a t i o n  of  
Eq. ( 2 ) ,  t h e n  a s i m i l a r  r e s u l t  i s  o b t a i n e d  f o r  
Y o u n g ' s  m o d u l u s .  For  an  i s o t r o p i c  s o l i d ,  B = 
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F i g .  1. Fractional change in resonant 
frequency near the phase transi t ion 
for samples I and II .  

E / 3 ( 1 - 2 a )  w h e r e  a = P o i s s o n ' s  r a t i o .  S t a t i c  
m e a s u r e m e n t s  ' °  s u g g e s t  t h a t  ~ = 0 . 2 6 ,  so  t h a t  B 
= ( 0 . 7 ) E .  The t h e r m o d y n a m i c  c r i t i c a l  f i e l d  
c a n n o t  be  m e a s u r e d  e a s i l y ,  so i t  i s  more u s e f u l  
t o  w r i t e  Eq. ( 2 )  a s  

Vs - Vn ACE 
2 T lOP J 

V e 
n 

(3) 

w i t h  v s (Vn) t h e  v e l o c i t y  of  sound  i n  t h e  
s u p e r c o n d u c t i n g  ( n o r m a l )  s t a t e ,  and  AC t h e  
s p e c i f i c  h e a t  jump. R e e v e s  e t  a l .  t a  h a v e  
r e c e n t l y  found  AC = 3 9 d--mole--l-K -~  (one  mole = 
one  m o l e  f o r m u l a  u n i t  o f  GdBa2CuaOv). U s i n g  t he  
known u n i t  c e l l  p a r a m e t e r s  f rom x - r a y  m e a s u r e -  
m e n t s ,  ' 4  one o b t a i n s  a s p e c i f i c  h e a t  jump of  
3 . 7 ( 1 0 )  4 J - ~ - K - ' .  U s i n g  ou r  v a l u e  of  t h e  b u l k  
m o d u l u s  a t  100 K (B ~ 100 GPa) and  CTfc/OP = 
0 . 1 1 3  K / k b a r  f rom B o r g e s  e t  a l .  :~ E q u a t i o n  3 
y i e l d s  h v / v  ~ 50 ppm a t  1~.  Not f o r g e t t i n g  t he  
l i m i t a t i o n s  o f  p o l y c r y s t a l l i n e  s a m p l e s ,  our  
m e a s u r e d  s h i f t  o f  70 ppm i s  r e a s o n a b l e  and  con-- 
s i s t e n t  w i t h  B o r g e s ,  R e e v e s ,  and  t h e r m o d y r ~ n i c s  

In Fig. 2 we show the temperature depart- 
dance of Q, defined as 

f 
o (4 

Q - :  hf  
0 

with Afo the full width at half power. For T ) 
95 K, the change in Q is linear with tempera-- 
t u r e ,  a t  a r a t e  of  - 3 9  K - ~ .  Below 9't  K, t h e  
s l o p e  i n c r e a s e s  d r a m a t i c a l l y ,  to  --75 K--' .  
B e c a u s e  b o t h  of  ou r  s a m p l e s  show t h i s  e f f e c t ,  we 
a s s o c i a t e  i t  w i t h  t h e  o n s e t  o f  s u p e r c o n d u c t i -  
v i t y .  A l t h o u g h  an  i n c r e a s i n g  Q w i t h  d e c r e a ~ ; -  
ing temperature is expected, we cammt attribute 
this behavior to conventioi~al BCS superconducti- 
vity. I n  f a c t ,  a d i s c o n t i n u i t y  {n t h e  a t t e n u a - -  
t i o n  s l o p e  i s  e x p e c t e d  f o r  a PX--~ s u p e r c o n d u c t o r .  
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F i g .  2. T e m p e r a t u r e  dependence  o f  t he  q u a l i t y  
f a c t o r  Q f o r  the  f u n d a m e n t a l  
l o n g i t u d i n a l  mode o f  t he  c y l i n d e r  f o r  
s amp le  I .  

F i g .  3.  14agnet ic  f i e l d  d e p e n d e n c e  o f  Q a t  
v a r i o u s  t e m p e r a t u r e s  above  and be low 
T f o r  s ample  I .  

C 

The h i g h  c r i t i c a l  t e m p e r a t u r e  s u g g e s t s  t h a t  
a t t e n u a t i o n  o f  t h e  sound  wave i s  m o s t l y  f rom 
t h e r m a l  p h o n o n s .  An e s t i m a t i o n  o f  l o s s  
indicates tha t  the loss from phonon-electron 
coupling is only 10~ of the loss compared to 
t h r e e - p h o n o n  p r o c e s s e s .  However ,  t h e  p r e s e n t  
p o o r  u n d e r s t a n d i n g  o f  t h e s e  m a t e r i a l s  g i v e s  u s  
l i t t l e  c o n f i d e n c e  i n  t h i s  e s t i m a t e .  E x p e r i -  
m e n t a l l y ,  h o w e v e r ,  we n o t e  t h a t  t he  e s t i m a t e  i s  
r e a s o n a b l e ,  b e c a u s e  i t  h a s  been  found  t h a t  t he  
t h e r m a l  c o n d u c t i v i t y  K i n c r e a s e s  a s  t he  t e m p e r a -  
t u r e  i s  l o w e r e d  be low Tc .~6 We c o n c l u d e  t h a t  
e i t h e r  p h o n o n  s c a t t e r i n g  by e l e c t r o n s  i s  
s i g n i f i c a n t  n e a r  T c o r  t he  m a t e r i a l  i s  a l t e r e d  
when t h e  m a t e r i a l  becomes  a s u p e r c o n d u c t o r  ( e . g .  
s t r u c t u r a l l y  o r  m a g n e t i c a l l y ) .  1~'17 

Our o r i g i n a l  m o t i v a t i o n  f o r  a p p l y i n g  a 
m a g n e t i c  f i e l d  to  t h e  sample  was to  t u r n  
s u p e r c o n d u c t i v i t y  o f f ,  t h e r e b y  e n a b l i n g  us  to  
s u b t r a c t  t h e  no rma l  b a c k g r o u n d ,  f a c i l i t a t i n g  the  
o b s e r v a t i o n  o f  s m a l l  e f f e c t s  a s s o c i a t e d  w i t h  the  
s u p e r c o n d u c t i n g  s t a t e .  Because  the  c h a n g e s  in  
sound  v e l o c i t y  n e a r  T c were  s m a l l  and b e c a u s e  
the  m o d e r a t e  f i e l d s  ( l e s s  that ,  8 T) c o u l d  no t  
s u p p r e s s  t h e  o n s e t  of  s u p e r c o n d u c t i v i t y  by more 
t l ~ n  4 K, we c o u l d  n o t  m e a s u r e  m a ~ m t i c - f i e l d  
e f f e c t s  on sound  v e l o c i t y .  However.  v e r y  s t r o n g  
e f f e c t s  we re  o b s e r v e d  f o r  Q. These  d a t a  a r e  
shown f o r  a s e r i e s  o f  t e m p e r a t u r e s  in  F i g .  3. 
The l o w e s t  t e m p e r a t u r e s  show a l a r g e  d r o p  in  Q 
(more  t h a n  a f a c t o r  o f  t h r e e  f o r  T = 70 K) in  
a p p r o x i m a t e l y  7 T f i e l d s  and a l m o s t  no t e m p e r a -  
t u r e  d e p e n d e n c e .  The l o s s e s  a r e  f a r  h i g h e r  t han  
a l i n e a r  e x t r a p o l a t i o n  made f rom the  d a t a  above  
9~ K. 

In summary, we have observed a small 
decrease (70 ppm) of the sound velocity in the 
oxide superconductor GdBa2C-~3Ov_ 6 at the 
superconducting critical temperature, consistent 
with other thermodynamic measurements and con- 
sidering only arguments applicable to second- 
order phase transitions. This is in contrast to 
other work on YBa2Cu3Ov_6. 3'4 Scatter in our 
data arising from an intrinsic irreproducibility 
during the first few cooldowns indicates that 
the sintered samples are under a great deal of 
internal stress, which relaxes somewhat during 
each thermal cycle. Trapped stress and twin 
structures are commonly found together else- 
where. We find a change in dOJdT which begins 
at T e, perhaps from strong electron-phonon 
coupling near the transition temperature. 
Although the magnetic fields we applied do not 
destroy the superconducting state, a much lower 
Q is observed in the presence of magnetic 
fields, suggesting significant dissipation from 
flux motion, typical of type II superconductors. 
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