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NOVEL PHASE TRANSITION IN NON-ANTIFERRObIAGNETICALLY ORDERED CRYSTALS OF La2Cu04 
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Los Alamos N a t i o n a l  L a b o r a t o r y ,  Los Alamos,  NM 87545 
~AT&T B e l l  L a b o r a t o r i e s ,  Murray H i l l ,  NJ 07974 

~O~Also a t  UCtA, Depar tment  of  P h y s i c s  and S o l i d  S t a t e  S c i e n c e  C e n t e r ,  
Los A n g e l e s ,  CA 90024 

(Received 6 October 1987 by G. Burns) 

We r e p o r t  t he  d i s c o v e r y  o f  a new p h a s e  d i ag ram in  the  m a g n e t i c  f i e l d -  
t e m p e r a t u r e  p l a n e  f o r  s i n g l e  c r y s t a l s  o£ La2Cu04 t h a t  show no s i g n  of 
a n t i f e r r o m a g n e t i c  o r d e r .  The p h a s e  boundary  i s  d e f i n e d  by ma gne to -  
r e s i s t a n c e  and  s u c s e p t i b i l i t y  m e a s u r e m e n t s .  We d i s c u s s  s e v e r a l  p o s s i b i -  
l i t i e s  t h a t  may l ead  to the  p h a s e  d i a g ra m o b s e r v e d .  

An a n t i f e r r o m a g n e t i c  p h a s e  t r a n s i t i o n ,  
i n d i c a t e d  by a maximum in  the  m a g n e t i c  
s u s c e p t i b i l i t y  (K) and  a n o m a l i e s  i n  t he  
e l e c t r i c a l  r e s i s t i v i t y  ( p ) ,  h a s  been  w i d e l y  
o b s e r v e d  i n  s i n t e r e d  powders  and  s i n g l e  c r y s t a l s  
of  LR2CuO 4. Work by J o h n s t o n  e t  a l .  and  
F r e l t o f t  e t  a l .  i on t he  v a r i a t i o n  of  the  Neel  
t e m p e r a t u r e  (TN) of  La2Od04_ 6 a s  a f u n c t i o n  of 5 

i n  s i n t e r e d  powders  and  c r y s t a l s  i n d i c a t e s  t h a t  
T N a p p r o a c h e s  z e r o  a s  6 goes  to  z e r o .  More 

r e c e n t  e x p e r i m e n t s  2 on s i n g l e  c r y s t a l s  of  
La2Cu04_ ~ show t h e  p r e s e n c e  of  s t r o n g  2D s p i n -  

1 /2  a n t i f e r r o m a g n e t i c  f l u c t u a t i o n s  (quantum s p i n  
f l u i d  s t a t e )  i n  t h e  Cu-O p l a n e s  above  T N, w i t h  

t h r e e  d i m e n s i o n a l  o r d e r i n g  s e t t i n g  i n  a t  
a p p r o x i m a t e l y  200 K i n  t he  c r y s t a l  measu red .  
A l t h o u g h  t h e  n a t u r e  of  t he  p r o p o s e d  2]) quantum 
s t a t e  i s  n o t  u n d e r s t o o d  t h e o r e t i c a l l y ,  i t s  
e x i s t e n c e  i s  n o t  s u r p r i s i n g  g i v e n  the  huge  
a n i s o t r o p y  o b s e r v e d  3 i n  t r a n s p o r t  m e a s u r e m e n t s  
on s i n g l e  c r y s t a l s  of  La2Cu04 t h a t  i m p l i e s  a 
s t r o n g l y  2D c h a r a c t e r  i n  t h i s  m a t e r i a l .  To 
p r o v i d e  f u r t h e r  u n d e r s t a n d i n g  of  the  h i g h l y  
u n u s u a l  p h y s i c a l  p r o p e r t i e s  of  La2Cu04, we have  
i n v e s t i g a t e d  t h e  m a g n e t i c ,  t r a n s p o r t  and  t he rma l  
p r o p e r t i e s  of  s i n g l e  c r y s t a l s  i n  m a g n e t i c  f i e l d s  
a p p l i e d  i n  d i f f e r e n t  d i r e c t i o n s  w i t h  r e s p e c t  to 
the  Cu-O p l a n e .  

Our s a m p l e s  were La2Cu04 c r y s t a l s  (~1 x 1 x 
0 .1  cm 3) grown from a PbO-based f l u x .  L a t t i c e  
c o n s t a n t s  were d e t e r m i n e d  by t he  e i g h t - p o s i t i o n  
H a m i l t o n  t e c h n i q u e  4 u s i n g  t e n  r e f l e c t i o n s  w i t h  
29 ° < e < 37 ° . These x-ray measurements 
indicated the orthorhombically distorted K2NiF4 
structure at room temperatuge with lattice 

constants a = 5.358 ± O.O02A, b = 13.181 ± 0.007 
o o o 

A and c = 5.403 ± 0.002 A (volume = 379.26 A3). 
Wet chemical analyses gave a composition of 
Lat.vsCu04.3, plus ~2 at % Pb, for the crystals 
studied. The presence of Pb and excess oxygen 
may be associated in part with PbO flux at the 

sample surface; however, this cannot account for 
all the oxygen excess. 

R e s i s t a n c e  and  m a g n e t o r e s i s t a n c e  were 
measu red  w i t h  a s t a n d a r d  f o u r  p robe  t e c h n i q u e  
u s i n g  In  p r e s s e d  c o n t r a c t s  on the  a - c  b a s a l  
p l a n e .  As p l o t t e d  i n  F ig .  1, the  r e s i s t a n c e  in  
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Fig .  1. Log e R v s .  1/T of  a s i n g l e  c r y s t a l  

La2CuO ~ sample  i n  z e ro  a p p l i e d  
m a g n e t i c  f i e l d  which  does  n o t  show any 
a n t i f e r r o m a g n e t i c  o r d e r i n g - l i k e  
r e s i s t a n c e  anomaly .  The i n s e t  shows a 
r e s i s t a n c e  anomaly  c h a r a c t e r i s t i c  of  a 
s i n g l e  c r y s t a l  sample  which  u n d e r g o e s  
a n  a n t i f e r r o m a g n e t i c  t r a n s i t i o n  a t  
2dO K. 
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z e r o  a p p l i e d  f i e l d  i n c r e a s e s  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 ,  w i t h  a n o n - e x p o n e n t i a l  
v a r i a t i o n  c h a r a c t e r i s t i c  of  d i r t y  s e m i c o n d u c -  
t o r s ,  s and  does  n o t  show any  r e s i s t a n c e  anomaly  
t y p i c a l  of  3I) a n t i f e r r o m a g n e t i c  o r d e r i n g .  In  
c o n t r a s t ,  t h e  i n s e t  of  F i g .  1 shows the  t y p i c a l  
r e s i s t a n c e  anomaly  o f  s i n g l e  c r y s t a l  La2Cu04_5 
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which  o r d e r s  a n t i f e r r o m a g n e t i c a l l y  n e a r  240 K. 
A l l  d a t a  shown h e r e ,  e x c e p t  t he  i n s e t  o f  F i g .  1, 
a r e  t a k e n  f rom s i n g l e  c r y s t a l  s a m p l e s  wh ich  do 
n o t  i n d i c a t e  any  a n t • f e r r o m a g n e t i c  o r d e r i n g - l i k e  
r e s i s t a n c e  anomaly  i n  z e r o  a p p l i e d  m a g n e t i c  
f i e l d .  

I n  F i g .  2 r e s i s t a n c e s  a t  v a r i o u s  f i x e d  
t e m p e r a t u r e s  a r e  p l o t t e d  a s  a f u n c t i o n  of  

NON-ANTIFERROMAGNETICALLY ORDERED CRYSTALS OF La2Cu0 h Vol. 65, No. 2 

The magnetization M, with magnetic field H 
applied perpendicular to the basal plane, was 
measured at various temperatures with a Quantum 
Design SQUID susceptometer and is plotted in 
Fig. 3. We see no evidence for a "conventional" 
a n t i f e r r o m a g n e t i c  t r a n s i t i o n ,  i . e . ,  a s h a r p  c u s p  
i n  K(T) ,  i n  t h e s e  d a t a .  I n s t e a d ,  we f i n d  a 
r ounde d  f e a t u r e  i n  t h e  v i c i n i t y  o f  120 K i n  a 
m e a s u r i n g  f i e l d  o f  0 . 3  T; t h i s  bump moves 
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F i g .  2. R e p r e s e n t a t i v e  m a g n e t o r e s i s t a n c e  
c u r v e s  o f  La2Cu04 a t  v a r i o u s  f i x e d  
t e m p e r a t u r e s .  The m a g n e t i c  f i e l d  i s  
a p p l i e d  p e r p e n d i c u l a r  to  t he  Cu-O 
p l a n e .  The i n s e t  d i s p l a y s  t he  p h a s e  
d i a g r a m  d e t e r m i n e d  f rom the  m i d - p o i n t  
of  t h e  m a g n e t o r e s i s t a n c e  jump. 

m a g n e t i c  f i e l d  a p p l i e d  p e r p e n d i c u l a r  to  t he  
b a s a l  p l a n e .  The r e s i s t a n c e  d r o p s  r a t h e r  
s h a r p l y  a t  some m a g n e t i c  f i e l d ,  s u g g e s t i n g  the  
p r e s e n c e  of  a f i e l d - i n d u c e d  p h a s e  t r a n s i t i o n .  
(The n o t a t i o n  " p h a s e  t r a n s i t i o n "  i s  u s e d  i n  t he  
s e n s e  o f  c h a r a c t e r i z i n g  the  a n o m a l i e s  o b s e r v e d  
a s  t h e  t e m p e r a t u r e  o r  m a g n e t i c  f i e l d  i s  v a r i e d . )  
The r e s i s t a n c e  d r o p  i s  o f  t he  o r d e r  of  10% a t  
4 K and  t h e  e f f e c t  d i m i n i s h e s  a s  t he  t e m p e r a t u r e  
i s  r a i s e d ,  becoming  u n d e t e c t a b l e  i n  ou r  
m e a s u r e m e n t s  above  120 K. T h i s  l e a d s  to  some 
u n c e r t a i n t y  i n  d e t e r m i n i n g  the  h i g h  t e m p e r a t u r e  
p o r t i o n  o f  t h e  m a g n e t i c  f i e l d - t e m p e r a t u r e  p h a s e  
d i a g r a m  shown i n  t h e  i n s e t  of  F i g .  2. 
H y s t e r e s i s ,  s e e n  c l e a r l y  i n  t h e  4 K - c u r v e  i n  
F i g .  2, r e d u c e s  r a p i d l y  a s  t h e  t e m p e r a t u r e  
i n c r e a s e s  and  i s  u n n o t i c e a b l e  above  20 K. We 
n o t e  t h a t  c o n d u c t i o n  i s  h i g h l y  a n i s o t r o p i c  i n  
t h e s e  c r y s t a l s .  The a n i s o t r o p y  f a c t o r  was 
d e t e r m i n e d  by  the  Montgomery method s i n  s e v e r a l  
s p e c i m e n s .  A l t h o u g h  s l i g h t  v a r i a t i o n s  f rom 
sample  to  sample  were  found ,  t y p i c a l  v a l u e s  f o r  
t he  a n i s o t r o p y  a r e  >150 (>250) a t  room t e m p e r a -  
t u r e  ( 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 ) ,  w i t h  t he  
lower  r e s i s t i v i t y  i n  t h e  Cu-O p l a n e .  Such a 
huge  a n i s o t r o p y  i n  t h e  e l e c t r i c a l  r e s i s t i v i t y  
c l e a r l y  d e m o n s t r a t e s  t h a t  La2Cu04 i s  e l e c t r o n i -  
c a l l y  t w o - d i m e n s i o n a l .  F u t h e r m o r e ,  t h e  CU-O 
p l a n e  h a s  a m e t a l l i c - l i k e  t e m p e r a t u r e  d e p e n d e n t  
r e s i s t i v i t y  above  ~130 K b u t  i s  s e m i c o n d u c t o r -  
l i k e  a t  lower  t e m p e r a t u r e s ;  how eve r ,  
c o n d u c t i v i t y  p e r p e n d i c u l a r  to  the  Cu-O p l a n e  i s  
s e m i c o n d u c t o r - l i k e  f o r  a l l  T < 300 K. 
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F i g .  3. M a g n e t i z a t i o n  v s .  t e m p e r a t u r e  mea su r e d  
w i t h  a p p l i e d  f i e l d  0 . 3  T ( r e f e r  to  
r i g h t  v e r t i c a l  s c a l e ) ,  2 . 5  T, and 4 T 
( r e f e r  to  l e f t  v e r t i c a l  s c a l e ) .  The 
t e m p e r a t u r e  a t  wh ich  the  rounded  peak  
o c c u r s  i s  a p p r o x i m a t e l y  120 K (80 K) 
a t  0 . 3  T ( 2 . 5  T ) .  A m a g n e t i z a t i o n  
c u r v e  a t  20 K i s  p l o t t e d  i n  t he  i n s e t .  
The t o t a l  mass  of  mea su r e d  c r y s t a l s  
was 343 .37  mg and the  a p p l i e d  f i e l d  i s  
p e r p e n d i c u l a r  to  t h e  b a s a l  p l a n e .  

r a p i d l y  to  lower  t e m p e r a t u r e s  a s  t he  f i e l d  i s  
i n c r e a s e d  and d i s a p p e a r s  i n  t h e  f i e l d  of  4 T. 
[Below ~170 K, t h e  s u s c e p t i b i l i t y  m e a s u r e d  i n  a 
4 T f i e l d  c a n  be  f i t  to  Kmole = ~o + C / ( T  + e ) ,  

where  Ko = 8 . 2  x 10 -~  emu/mole  Cu, C = 5 . 3  x 
10 - °  emu-K/mole  Cu, and e = 3 7 . 5  K, i m p l y i n g  an  
e f f e c t i v e  moment o f  0.21 y.D/Cu i£ t he  C u r i e  te rm 
i s  due  s o l e l y  to  C u . ]  The u t e m p e r a t u r e s  a t  wh ich  
the  peak  a p p e a r s  i n  v a r i o u s  f i e l d s  a g r e e  w i t h  
the  p h a s e  b o u n d a r y  shown i n  t he  i n s e t  of  F i g .  2, 
a d d i t i o n a l l y  s u p p o r t i n g  t h e  p r e s e n c e  o f  a p h a s e  
t r a n s i t i o n .  The m a g n e t i z a t i o n  a s  a f u n c t i o n  o f  
a p p l i e d  m a g n e t i c  f i e l d  p e r p e n d i c u l a r  to  t he  
b a s a l  p l a n e  a t  20 K i s  d i s p l a y e d  i n  t he  i n s e t  o f  
F i g .  3, where  a s l o p e  change  can  be  s e e n  c l e a r l y  
n e a r  3 T. The jump i n  m a g n e t i z a t i o n  a t  3 T and 
20 K, d e f i n e d  by  t h e  c o n s t r u c t i o n  shown i n  t he  
i n s e t ,  i s  ~ 5 , 9  x 10 -4  emu, which  i m p l i e s  an  
i n c r e a s e  of  1 .25  x 10 -4  p B / f o r m u l a  u n i t .  We 

n o t e  t h a t  t he  m a g n e t i z a t i o n  c u r v e  a s  a f u n c t i o n  
o f  m a g n e t i c  f i e l d  t a k e n  a t  2 K shows a l a r g e  
h y s t e r e s i s  wh ich  by  20 K becomes s m a l l e r  t h a n  
the  e x p e r i m e n t a l  r e s o l u t i o n .  I t  i s  i n t e r e s t i n g  
t h a t  m a g n e t i z a t i o n  v s .  m a g n e t i c  f i e l d  a p p l i e d  i n  
t h e  b a s a l  p l a n e  a t  v a r i o u s  f i x e d  t e m p e r a t u r e s  
does  n o t  show a s i m i l a r  jump w i t h i n  the  
s e n s i t i v i t y  i n  o u r  measu remen t .  We a l s o  n o t e  
t h a t  f o r  4 K < T < 350 K the  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 d  w i t h  H i n  t he  b a s a l  
p l a n e  i s  n e a r l y  t h r e e  t i m e s  s m a l l e r  t h a n  t h a t  
w i t h  t he  m a g n e t i c  f i e l d  p e r p e n d i c u l a r  to  t h e  
b a s a l  p l a n e .  
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S p e c i f i c  h e a t  (C) m e a s u r e m e n t s  a l s o  were  
p e r f o r m e d  on two o f  t h e s e  c r y s t a l s  { t o t a l  mass  
3 9 . 3 8  mg) and t h e  r e s u l t s  a r e  p l o t t e d  a s  C/T v s .  
T 2 i n  F i g .  4.  As shown i n  t he  i n s e t ,  an  
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t h e  l i n e a r  t e rm i n  the  s p e c i f i c  h e a t  a l s o  
a p p e a r s  to  be  i n t r i n s i c ,  b e i n g  o b s e r v e d  i n  
d i f f e r e n t  s i n g l e  c r y s t a l s  a s  w e l l  a s  i n  
p o l y c r y s t a l l i n e  s a m p l e s  o f  La2CuO 4. 

We b e l i e v e  t h e r e  i s  s u b s t a n t i a l  i n d i r e c t  
e v i d e n c e  t h a t  t h e  p h a s e  t r a n s i t i o n  we o b s e r v e  i s  
n o t  o£ c o n v e n t i o n a l  o r i g i n  and  i s  a b u l k  
p r o p e r t y  o f  La2CuO 4 c r y s t a l s  wh ich  do n o t  o r d e r  
t h r e e - d i m e n s i o n a l l y .  (1 )  The e x t r e m e  s e n s i t i -  
v i t y  o f  t h e  t r a n s i t i o n  t e m p e r a t u r e  to  a p p l i e d  
m a g n e t i c  f i e l d s  i s  to  be  c o n t r a s t e d  w i t h  
o b s e r v a t i o n s  ~° on t h e  Neel  t e m p e r a t u r e  o f  oxygen  
d e f i c i e n t  p o l y c r y s t a l l i n e  s a m p l e s  i n  wh ich  4 . 5  T 
s u p p r e s s e s  T N by o n l y  ~10%. We f i n d  a s i m i l a r  

f i e l d  d e p e n d e n c e  o f  T N i n  oxygen  d e f i c i e n t  

F i g .  4. S p e c i f i c  h e a t  d i v i d e d  by  t e m p e r a t u r e  
v s .  t e m p e r a t u r e  s q u a r e d  (C/T v s .  T 2) 
f rom 1 .8  K to  20 K. As shown i n  t he  
i n s e t ,  a n  e x t r a p o l a t e d  v a l u e  f o r  t he  
l i n e a r  t e rm  i n  the  s p e c i f i c  h e a t  i s  1 
mJ /mole  K 2 and t h e  Debye 8 D i s  320 K. 

e x t r a p o l a t i o n  o f  t he  d a t a  to  T = 0 g i v e s  a 
f i n i t e  i n t e r c e p t  o f  1 .0  ± 0 .1  mJ /mole  Cu K2, 7 , e  
w h i c h  i s  u n c h a n g e d  i n  a 10 T m a g n e t i c  f i e l d ,  
s u g g e s t i n g  t h a t  t he  f i n i t e  v a l u e  o f  C/T a t  T = 0 
may n o t  be  r e l a t e d  to  t h e  p h a s e  t r a n s i t i o n .  
N o r m a l i z e d  p e r  u n i t  vo lume,  t h e  r e s u l t  ~ = 8 . 8  
J/m3K 2 i s  s m a l l e r  t h a n  m e t a l l i c  c o p p e r  by  one 
o r d e r  o£ m a g n i t u d e  b u t  s e v e r a l  t i m e s  l a r g e r  t h a n  
t y p i c a l  s t r u c t u r a l  g l a s s e s ,  e . g .  v i t r e o u s  
s i l i c a .  The low t e m p e r a t u r e  u p t u r n  i n  C/T may 

s i ~ l  t h e  o n s e t  o£ a n u c l e a r  S c h o t t k y  anomaly ;  
a l t h o u g h ,  a n  a l t e r n a t i v e  e x p l a n a t i o n  h a s  b e e n  
p r o p o s e d  9 t h a t  a t t r i b u t e s  t h i s  b e h a v i o r  to  t he  
p r e s e n c e  o f  a h y p e r f i n e  m a g n e t i c  f i e l d  a t  t he  Cu 
n u c l e u s  p r o d u c e d  by i t i n e r a n t  a n t i f e r r o m a g n e t i c  
o r d e r  i n  t h e  Cu-O p l a n e s .  

We e m p h a s i z e  t h a t  ou r  e x p e r i m e n t a l  f i n d i n g s  
a r e  n o t  l i m i t e d  to  one c r y s t a l  b u t  a r e  h i g h l y  
r e p r o d u c i b l e :  t h e  r e s p o n s e  o f  t he  m a g n e t i c  
s u s c e p t i b i l i t y  and  r e s i s t a n c e  to  t e m p e r a t u r e  and 
m a g n e t i c  f i e l d  r e p o r t e d  h e r e  h a s  b e e n  o b s e r v e d  
i n  s e v e r a l  c r y s t a l s  f rom the  same p r e p a r a t i o n  
b a t c h .  I ~ g n e t o r e s i s t a n c e  m e a s u r e m e n t s  on 
La2Cu04 c r y s t a l s  p r e p a r e d  i n  a d i f f e r e n t  b a t c h ,  
b u t  u s i n g  t h e  same g r o w t h  p r o c e d u r e ,  a l s o  show a 
p h a s e  t r a n s i t i o n  a t  s i m i l a r  f i e l d s  and t e m p e r a -  
t u r e s .  F u r t h e r m o r e ,  t h e  t r a n s i t i o n  was a f f e c t e d  
o n l y  weak ly  by d o p i n g  c r y s t a l s  w i t h  Zn i m p u r i -  
t i e s  and  by  r e m o v i n g  s m a l l  am oun t s  o f  oxygen  v i a  
vacuum a n n e a l i n g  w i t h  a Zr g e t t e r .  I n  t he  
l a t t e r  c a s e ,  s t i l l  no e v i d e n c e  f o r  3D a n t i f e r r o -  
m a g n e t i c  o r d e r  was found  b u t  t he  m a g n e t o -  
r e s i s t a n c e  anomaly  a t  4 K was l e s s  p r o n o u n c e d .  
A n a l y s i s  o f  r e s i s t i v i t y  d a t a  on t h e s e  o t h e r  
c r y s t a l s  r e s u l t s  i n  H-T p h a s e  d i a g r a m s  s i m i l a r  
to  t he  one i n  t h e  i n s e t  of  F i g .  2. L i k e w i s e .  
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s i n g l e  c r y s t a l s ;  (2 )  The t e m p e r a t u r e  dependence  
o f  t h e  p h a s e  t r a n s i t i o n  f i e l d  i s  o p p o s i t e  t h a t  
e x p e c t e d  f o r  a c o n v e n t i o n a l  s p i n - f l o p  
t r a n s i t i o n ;  (3 )  The " u n i v e r s a l i t y "  o f  r e s u l t s  
o b t a i n e d  on s e v e r a l  d i f f e r e n t  s i n g l e  c r y s t a l s  
a r g u e s  a g a i n s t  i m p u r i t i e s  o r  d e f e c t s  c a u s i n g  the  
p h a s e  t r a n s i t i o n ;  and  (4)  R a t h e r  l a r g e  c h a n g e s  
in  t he  r e s i s t i v i t y  and m a g n e t i z a t i o n  a t  t he  
t r a n s i t i o n  s u r e s t  t h a t  i t  i s  a b u l k  e f f e c t .  

I n  t he  a b s e n c e  o£ d e t a i l e d  m i c r o s c o p i c  
m e a s u r e m e n t s ,  i t  i s  d i f f i c u l t  t o  s p e c i f y  the  
n a t u r e  o f  t h e  p h a s e  d i a g r a m  we have  o b s e r v e d .  
As d i s c u s s e d  e a r l i e r  by o t h e r s ,  2 t he  s m a l l  
s u s c e p t i b i l i t y  f o r  a s y s t e m  s u c h  a s  La2CuO 4 w i t h  
a l a r g e  c o n c e n t r a t i o n  o f  S = 1/2  s p i n s  s u g g e s t s  
t he  p r e s e n c e  o f  s t r o n g  a n t i f e r r o m a g n e t i c  
f l u c t u a t i o n s  a t  room t e m p e r a t u r e  o r  be low.  The 
a b s e n c e  o£ a w e l l - d e f i n e d  ( i . e . ,  s h a r p  i n  f i e l d  
and  t e m p e r a t u r e )  p h a s e  t r a n s i t i o n  may be due to  
e i t h e r  low d i m e n s i o n a l i t y  e f f e c t s ,  d e v i a t i o n  
f rom p e r f e c t  s t o i c h i o m e t r y ,  quantum f l u c t u a -  
t i o n s ,  o r  f r u s t r a t i o n s  a r i s i n g  f rom n e a r e s t  and 
n e x t - n e a r e s t  n e i g h b o r  i n t e r a c t i o n s .  Low 
d i m e n s i o n a l i t y  h a s  b e e n  invoked  t l  to  a c c o u n t  f o r  
t he  r e l a t i v e l y  low 3D a n t i f e r r o m a g n e t i c  o r d e r i n g  
t e m p e r a t u r e  i n  oxygen  d e f i c i e n t  s p e c i m e n s .  Our 
o b s e r v a t i o n s ,  i f  r e l a t e d  to  3D o r d e r i n g ,  a r e  of  
a d i s t i n c t l y  d i f f e r e n t  n a t u r e  b e c a u s e :  (1 )  a 
m a g n e t i c  f i e l d  s u p p r e s s e s  t he  t r a n s i t i o n  
t e m p e r a t u r e  much more r a p i d l y  t han  i t  does  T N i n  

oxygen  d e f i c i e n t  s a m p l e s  and (2)  t he  t r a n s i t i o n  
i s  i n s e n s i t i v e  to  p a r t i a l  removal  of  oxygen .  An 
a t t r a c t i v e  a l t e r n a t i v e  i s  the  p o s s i b i l i t y  of  an  
u n u s u a l  t r a n s i t i o n  n o t  i n v o l v i n g  3D o r d e r ,  a s  
c o u l d  be e n v i s i o n e d  f o r  a s y s t e m  w i t h  a n i s o -  
t r o p i c  m a g n e t i c  i n t e r a c t i o n s  s u f f i c i e n t l y  weak 
t h a t  i t  c o u l d  n o t  be d e s c r i b e d  w i t h i n  the  
f r amework  o f  e i t h e r  2D I s i n g  o r  H e i s e n b e r g  
m o d e l s .  F r u s t r a t i o n  e f f e c t s ,  common to  the  
r e s o n a t i n g  v a l e n c e  bond model o f  Ande r son ,  t2 
a l s o  a r e  d i s t i n c t l y  p o s s i b l e  e x p l a n a t i o n s  f o r  
t he  o b s e r v e d  p h a s e  t r a n s i t i o n .  Some of  t h e s e  
q u e s t i o n s  may be r e s o l v e d  by a d d i t i o n a l  
e x p e r i m e n t s  on s i n g l e  c r y s t a l s  in  which  b o t h  
me ta l  a toms  and  oxygen  c o n t e n t  a r e  v a r i e d  
s y s t e m a t i c a l l y .  
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