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We report a large increase in Meissner  fraction (flux expulsion) at low fields in dense ceramic and 
crystal YBaCuO.  The effect can be interpreted in terms of the irreversibility line 1 - tcc H 2/3 ob- 
served in these materials,  and is at least qualitatively consistent  with a flux pinning picture. 

In a recent  paper (1) we reported a s t rong field- 
dependence  of the Meissner  flux expulsion fraction 
( - 4~rM/H where  M is magnet izat ion and H applied field in 
cgs units) in an Y B a C u O  crystal, particularly in the low field 
(H < 10 Oe) regime. By contrast  we found much  weaker  
dependence  in low density ceramics of LaSrCuO and 
YBaCuO.  We suggested a possible interpretation of the ef- 
fect in terms of a superconduct ing glass model• Now we have 
found a s trong effect in high density ceramic as well as a 
crystal prepared by different technique.  We discuss how the 
effect can be unders tood in the context  of flux pinning. 

Experimental  procedures are as described earlier (1). 
Cooling in zero field and turning on the field gave the low- 
temperature  zero-field-cooled (ZFC)  flux exclusion or 
shielding measurement•  Cooling through T c in the field gave 
the low-temperature  field-cooled (FC) flux expulsion or 
"Meissner"  measurement .  Turning off the field at low tem- 
perature after field-cooling gave a low-temperature  remanent  
momen t  which was in all cases accurately the difference of the 
flux expulsion and  exclusion at the nominal  field with no 
demagnet iz ing corrections,  as expected from a simple flux- 
pinning model. 

Results  for a 450x530x241/Lm 3 crystal of Y B a C u O  are 
shown in Fig. 1. The crystal has  a T c of 90.5 K. It was pre- 
pared by a somewhat  different technique (2) but  shows be- 
havior similar to that  of the earlier crystal (1). (We note  that  
in this earlier work, due to a temperature calibration error, 
T c was reported incorrectly and should have been 89 K.) The  
demagnet izat ion-corrected shielding is now close to 100%,  
better  than the earlier crystal, but  the Meissner  fraction 
climbs steeply with lowered field as before• 

These  remarkable increases in Meissner  fraction are easily 
explained, at least qualitatively, in a superconduct ive glass 
model  (1). But many  other observat ions are explained by 
convent ional  flux pinning and recently even the irreversibility 
• 2 /3  ' , hne 1 - t oc H , once apparently the s trongest  a rgument  for 

the glass model,  has  also been explained in terms of thermally 
activated flux creep (3). Here we propose a flux pinning 
mechan i sm for the  Meissner  fraction increase• 
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FIGURE 1 

Meissner  fract ion (squares)  and diamagnet ic  shielding (dots) 
for a single crystal Y B a C u O  with T c of 90.5K. H is perpen-  
dicular to c-axis. Dashed  curve represents  the fit to the Eq.1. 

Fig. 2 shows a schematic  f ie ld- temperature plane with 
solid lines represent ing Hc2(T ) and Hcl (T) f rom earlier crys- 
tal studies (4), and the approximate irreversibility line 
Hirr(T) f rom our data. Obviously,  along Hc2(T),  M = 0  and 
the Meissner  fraction - 4 ~ r M / H  is 0 % .  Similarly along 
Hcl ( T ) ,  M = - H / 4 ~ r ,  so that  the Meissner  fract ion is 100%.  
Between these two limits, the classic theory (5) of Type II 
superconductors  predicts a highly non-l inear  dependence  of 
the equilibrium M on H. For  example near  Hc2 ' the appro-  
priate relation is 

4~rM 1 <h0(1 - t) 
= - - [  1] . ( I )  

H ( 2 x 2 _  1)/3 A 1 . 0 9 ~ 2 H  

Here x is the s tandard  Ginzburg -Landau  ratio of  
pene t ra t ion- to-coherence  lengths,/3 A = 1.16 is a geometrical  
factor of  the vortex lattice, ~0 = 2 x 1 0 - 7  Gcm2 is the flux 
quan tum,  ~0 is the zero- tempera ture  penetra t ion d e p t h  (as-  
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suming the clean-limit relation ~ = 0.74~0/(1 - 0172) and 
t = T / T  c is the reduced temperature. Eq. 1 implies that the 
Meissner fraction 4~rM/H is determined by the ratio of 
(1 - t ) /H ,  which forms a line in the H-T plane intersecting T c. 
A set of such lines is drawn dashed in Fig. 2 and labeled by 
the corresponding Meissner fraction; again actual YBaCuO 
parameters are used (4). 

A field-cooling experiment corresponds to moving hor- 
izontally left in Fig. 2, as shown schematically by the dotted 
line. In practice demagnetization corrections cause the line 
to slope up below He2, but this is a small effect as long as M 
remains small near He2 . As the dotted line crosses the dif- 
ferent dashed contours, - 4 ~ M / H  increases, corresponding 
to increasing flux expulsion from the superconductor. 

Once the irreversibility line is reached, however, the flux 
can be assumed pinned in position to all lower temperatures. 
Since ~0 = BA and A is now fixed, B and hence M must be 
fixed (in the zero-demagnetization limit), even though the 
temperature decreases and the microscopic structure of the 
vortices changes. Therefore the Meissner fraction determined 
along the irreversibility line remains the Meissner fraction at 
low temperature. Thus at fixed field we can substitute for 1-t 
in Eq. 1 the form of the irreversibility line, e.g. 
1 - t --  aH 2/3, to obtain a prediction of the Meissner fraction 
as a function of field. The formula now contains an inverse 
H 1/3 term. 

The fit to Eq. l  is shown as a dashed line in Fig. 1 and 
follows the data remarkably well. The fitting parameter a, the 
amplitude of the irreversibility line, gives 6 x l 0 - 4 K / O e  2/3. 
The size of the reversible region is so small at low fields (1) 
that it is difficult to obtain reliable data for comparison. The 
experimental irreversible line at higher fields (3) yields 
a=4.8x10 -4,  in reasonable agreement with the above fit. 

Actually the simple theory of Eq. 1 does not adequately 
treat the low field region for a number of reasons. First, as 
the Meissner fraction increases, strong non-linearities develop 
in the classic M(H) theory (5). Second, at low fields one must 
be concerned about inhomogeneity in Tc, which would smear 
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FIGURE 2 

Upper  and lower critical fields and approximate irreversibility 
line in a YBaCuO single crystal (3). Magnetization fractions 
are shown with dashed lines. Field cooling corresponds to 
dot ted lin e . 

out effects dependent  on the tiny temperature differences 
predicted by the simple irreversibility relation 
1 - t = aH 2/3. Furthermore the 2 /3  law is known not to 
hold in all cases, and it requires more careful study in our 
crystals. It is remarkable, therefore, and probably coinci- 
dental, that the theory works so well in Eq. 1 in the region 
below about l Oe. Nevertheless, the agreement at higher 
fields gives new support to the flux creep model for crystals 
of YBaCuO. 
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