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Critical currents and thermaUy activated flux motion in high .. temperature 
superconductors 

T. T. M. Palstra, B. Bat!ogg, R. 8. van Dover, L. F. Schneemeyer, and J. V. Waszczak 
AT&T Bell Laboratories, 600 Mountain Avenue, Murray Hill, New Jersey 07974 

(Received 11 November 1988; accepted for publication 22 December 1988) 

We have measured the resistance below Tc of single crystals of the high-temperature 
superconductors Baz YCu30 7 and Bi2.2 Sr2CaO.8 CU20 8 + b in magnetic fields up to 12 T. The 
resistive transition of both compounds is dominated by intrinsic dissipation which is thermally 
activated, resulting in an exponential temperature dependence of the resistivity weB below Te. 
The dissi.pation is si.gnificantly larger and of different character in the Hi-Cu compound than in 
Ea2 YCu,O,. The relation between the activated behavior and the depinning critical current is 
discussed. 

In this letter we report high sensitivity measurements of 
the resistive transition of single-crystal Ba2 YCU,07' We will 
show that the transiti.on is dominated by thermally activated 
flux motion similar to, but smaller than in single-crystal 
Bi2.2 Sr 2CaO.8 CUzOg r b' IOUI' single-crystal study of dissipa
tion below Te addresses the limitations of the current-carry
ing capacity within a (singte-crystaO grain of the oxide su
perconductors. 2 This dissipation, associated with flux 
motion,3,4 has consequences for the application of this mate
rial in large magnetic fields at an operating temperature of 77 
K. 

The crystal growth and a detailed characterization of 
the crystals has heen described elsewhere.s The BaZYCu,07 
crystal has dimensions of l.02x0.46xO.OI9 mm3 and was 
oxygenated for four weeks at 400 "C. The electrical resistiv
ity was probed with a dc current density of J = 57 A/cm2 in 
the a, b basal plane using a bar-shaped geometry. The cur
rent-voltage (1- V) curves in a magnetic field are linear from 
this value down to 0.1 Akm2, which is the instrumental 
resolution. The current direction was always perpendicular 
to the magnetic field. The experimentai details for 
Bi2.2 Sr 2CaO.8 0.120 8 r b have been described elsewhere. I 

In Fig. 1 we show the resistive transition cfEa2 YCu30 7• 

The inset shows the zero field data, which are approximately 
linear from room temperature to 110 K, where the supercon
ducting transition sets in, The linear part of the curve ex
trapolates to a low value for the resistivity intercept at T = 0, 
which has been correlated in thin iilms6 with good sample 
quality. The resistive transition of Bal YCU30 7 in various 
magnetic fields is shown for H Ila,b in the upper part and for 
Hla,b in the lower part of Fig. 1. These data are in good 
agreement with data found in litcrature,7-9 e.g., resulting in 
similar values of the upper critical field slopes, if Tc (H) is 
defined at the midpoint of the transition. This definition, 
however, is not justified for the high Tc materials because of 
the large dissipation. 10 

The thermally activated behavior becomes evident 
when replotting these data as log p vs T - 1 (Fig. 2). This 
Arrhenius plot shows that the resistivity in a magnetic field 
approaches zero exponentially. The straight lines for low 
resistivity indicate that the dissipation mechanism is ther
mally activated, and their slopes give the activation energy 
Uo for flux motion. These energies Un range from 104 K for 
the largest magnetic field (12 T) to 2x 105 K for the lowest 

fields (0.1 T). In comparison the activation energies for the 
Bi-eu compound range from 330 K (12 T) to 3000 K (0.1 
T). 

The model offlux creep provides a framework to discuss 
the results. II In this model the creep velocity is given by 

v¢ = 2voL exp( - Uolk8T)sinh( lBVeL/kIlT) , 

with Vo the attempt frequency of a flux bundle of volume ~. 
to hop over an energy barrier Uo and move a distance L. J is 
the current density and B the magnetic induction. At this 
point we emphasize the difference between flux creep and 
flux flow. Flux creep occurs when the Lorentz force 
}~. = J. B is smaller than the pinning force Fp = Jc ' B, 
which is defined by the depinning critical current density Je • 

The above formula shows that flux creep gives linear J- V 

:0 . :0 
HJ:a,b::107.55 21.20 

j 
i 

.J-<f~..tJJJ,"'",",,9L-.L--~ 

FIG. 1. Temperature dependence of the electrical resi.tivity of Bal YelllO, 
in various magnetic t1elds parallel to the a,b basal plane (upper panel) and 
perpendicular to the basal plane (lower panel) ranging from 0 to i 2 T. The 
inset shows the zero field resistivity up to l'oom temperature. 
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FIG. 2. Arrhenius plot of the electrical resistivity of Ba, YCU,07 for mag
netic fields parallel to the basal planc (upper pane\) and perpendicular to 
the basal plane (lower panel) ranging from 0 to 12 T. 

curves ( J-v¢ ) for currents for which JBV"L S kB T, and an 
exponential 1- V curve for larger currents. The main part of 
Fig. 3 is a schematic representation of this relationship, and 
the insert gives our data on a double logarithmic scale to 
emphasize the large range over which linearity is observed. 
Flux flow, on the other hand, gives linear J- V curves for 
Fl. >Fp or J>Jc ' In Ba2YCul 0 7 the pinning is large be-

> 

~::==-L-___ . ____ ._ 
Ie 

I (linear scale) 

FIG. 3. Schematic represelltation of J- V curves for the high-temperature 
superconductors. At T= 0 the true dcpinning critical current is observed, 
but at higher temperatures flux creep results in dissipation and a 1 f.1-V crite
rion gives an arbitrary current density. The inset shows three experimental 
linear J- V curves (low current regime) on a double logarithmic scak 
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cause oftlle large values of the activation energy Un. There
fore, the experimentally observed linear I- V curves are the 
result of fiux creep, and not flux flow. (Our single-crystal 
data should not be confused with poiycrystalline data, 12 for 
which power law behavior is observed V c: fa, a> 1, due to 
additional dissipation in, or associated with grain boundar
ies, etc.). Furthermore, the transition from creep to flow at 
FL = Fp or J = Je gives no sharp anomaly, because of the 
large dissipation which already occurs in the creep regime. 
Only at low temperature, where flux creep does not domi
nate, can the critical depinning current be determined by 
transport measurements. Thus, the linearity of the measured 
I-V curves sets an upper limit for the value of VeL, and we 
can replace the hyperbolic sine by its argument. We find 

P = v",B IJ = 2voB2~L 2 exp( UolkB T)lkB T. 

Consequently, p( T,H) is detennined by the temperature 
and field dependence of the microscopic parameters of the 
pinning process, viz., the attempt frequency "0' the flux bun
dle volume 1/,., the hopping distance L, and the activation 
energy Un. As we lack detailed knowledge of the pinning 
process for any ofthe oxide superconductors, we cannot give 
a priori the functional dependence of p ( l:H) . 

Now, we discuss the relation between the activation en
ergy Uo, measured experimentally, and the dcpinning criti
cal current density Jc . Defined as the current for which 
Fp = FL ,Jc is related Ll to the activation energy Uo via 
Uo = JcBVJp , with 71' the range of the pinning potential. If 
we assume Vc =a~d (amorphous limit of the flux line lat
tice l4

) and point defects, so that rp =5GU with (; GL the 
Ginzburg-Landau coherence length, we :find that 
Jc = U(/¢;o dg GLt with CPo = Ba~ the flux quantum and d 
the sample thickness. This formula only holds for thin sam
ples for which the correlation length along the flux line Lc is 
larger than d. For thicker samples, d must be replaced by Lc 0 

Assuming Lc = d, we find for Ba2 YCU30 7 that jc (77 
K) = 7,2, and O.6X 105 A/cm2 for H lab = 0.1,1 and 10 T, 
respectively. . 

Here, we would like to clarify the shortcoming of experi
mental criteria used traditionally to measure "critical cur
rents" in high Tc superconductors. The inset of Fig. 3 clearly 
shows that a IILV Imm criterion, a criterion commonly used 
to define J c , does not yield the critical current, because the I
V curve is linear. The depinning critical current is in the 
exponential part of the J- V curve at much larger current 
densities, as sketched in Fig, 3. Moreover, the critical cur
rent density in these materials does not represent the value 
below which no dissipation occurs. 

The consequence ofthermaHy activated flux motion is a 
significant resistance even well below Tc in a magnetic field. 
From our measurements we can evaluate how seriously this 
affects certain applications. One of the major applications is 
in generating large magnetic fields. For the construction of 
stlperconducting magnets a resistivity criterion of ~ 10-6 

Iln cm is used. IS This is only three orders of magnitude low
er than our sensitivity limit. From Fig. 2 we can estimate for 
which field this criterion is fulfilled in Ha2 YCU30 7 crystals 
for any given temperature. This result, shown in Fig. 4, indi
cates that material with characteristics of this single crystal 
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could withstand a magnetic field of 15 T for alignment of 
H Ila,b when operating at 77 K. For alignment of Hla,b this 
field is reduced to 4 T. For interconnects the resistance crite
rion is less stringent; however, self-field effects need to be 
considered. 

Finally, we compare the dissipation of BaZYCu,07 and 
Bi2.2Sr2Ca2.sCu20s +-Ii (Fig. 5). The former compound 
withstands considerable fields at 77 K, opening the possibil
ity for generating magnetic fields with this material if the 
properties of a wire can equal the performance of this crystaL 
The 10- () pH em criterion pushes the operating tempera
tures for superconducting magnets using the latter material 
back to liquid-helium temperatures. This figure also clearly 
shows the different behavior of the two materials, and the 
resistivity of copper as a reference. 

The different behavior of the two compounds may be 
associated with the difference in typical defect structure, or 
with the difference in interplanar coupling. Ba2 YCU~,07 
crystals are extensively twinned but otherwise relatively free 
of interior defects. These twin planes extend through the 
thickness of the crystal, and could act as extended pinning 
centers for flux passing along them CHlie axis). The 
Bi22 Sr2Ca08 Cu20 g r <5 crystals are defective, with extensive 
cross substitutions (as indicted by the observed stoichiome
try) and intergrowths. These defects are not likely to be ex
tended along the c axis, and would give smaller pinning ener
gies. StiH, the greater number of weak pinning sites in this 
material results in comparable "critical current densities" at 
low temperature for the two compounds, 16.17 However, larg
er values of Jc for the Bi-Cu compound at 77 K in magnetic 
fields require larger activation (pinning) energies, and thus 
extended pins. 

On the other hand, if the degree of pinning is related to 
the interplanar coupling, 18 the Bi- and TI-based supercon-
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FIG. 5. Tcmperatur;: dependence of the electrical resistivity of Bal YCU,07 
and Biu Sr,Cao., Cu,O, f h on a scmilog scale for three m,lgnetic fields. 

ductors would have intrinsic disadvantages particularly rel
ative to three-dimensional high-temperature superconduc
tors. 
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