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FLUX PINNING AND DISSIPATION IN HIGH-TEMPERATURE SUPERCONDUCTORS*

K.E. GRAY and D.H. KIM

Materials Sciences Division, Argonne National Laboratory, Argonne, Illinois, 60439, USA

The effect of anisotropy on the field-induced broadening of resistive transitions in the highly-anisotropic 
high-temperature superconductors (HTS) is considered. For the applied field, H, parallel to the super­
conducting Cu-0 layers the absence of a Lorentz-force, together with intrinsic pinning of the insulating 
region between layers, leads to an explanation other than flux motion. However, for H parallel to the c- 
axis, the lack of intrinsic pinning implies that the much greater broadening is due to thermally- 
activated flux motion. We show experimental evidence that the associated flux motion occurs as a 
result of a crossover from three dimensional (3D) vortex lines to 2D independent pancake-like vortices, 
residing in the Cu-0 layers. This 3D to 2D crossover occurs when hgT exceeds the Josephson coupling 
energy. For YBa2Cu307, this dimensional crossover does not occur below HC2, presumably because the 
conducting Cu-0 chains short qircuit the Josephson interlayer coupling.

1. INTRODUCTION
The purpose of this paper is to discuss recent 

developments in our understanding of transport 
properties of high-temperature superconductors 
(HTS), such as the effects of the large anisotropy 
and fluctuations on critical currents and 
dissipation1-5. Experimental results from both 
HTS and low-temperature superconductors (LTS) 
will be used to illustrate suggested models. An 
important example is the unusual field-induced 
broadening of resistivity transitions, p(T,H), 
which places limitations on the value of the 
materials for moderate to high-field applications 
and has led to theories of thermally-activated 
magnetic flux creep6, flux-lattice melting7 or a 
vortex-glass transition8. Although the broadening 
looks similar4 for the applied field, H, oriented 
parallel to the superconducting Cu-0 layers 
(Hl!af>) or parallel to the c-axis (Hllc), its width 
and the detailed shape of p(T,H) are different, as 
the proposed explanations which will be treated 
separately. These models also have implications 
to the low-temperature critical current density, Jc.

For Hllab, the broadening is smaller, and the 
absence of any measurable Lorentz-force depen­
dence2'4 together with the anticipated intrinsic 
pinning of the insulating region between layers, 
leads to an explanation of this dissipation which 
does not involve motion of vortices from the 
external field4. This Lorentz-force independence 
is also found4 in the low-temperature Jc and the 
current-voltage characteristics, I(V), for c-axis- 
oriented films of Tl2Ba2CaCu20x. The intrinsic 
pinning is also demonstrated in Jc measurements 
on multilayers9 of the LTS superconductor NbN 
with insulating AIN. A crossover is observed 
from depinning of the external-field vortices at 
high fields to phase slips at intergranular 
Josephson junctions in the NbN layers at low 
fields: these phase slips do not require the 
existence of an external field.

For Hllc, the lack of intrinsic pinning implies 
that the much greater broadening in HTS is due to 
thermally-activated flux motion. For the highly- 
anisotropic HTS, we show experimental evidence 
that the flux motion associated with this broaden-
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under contract #W-31-109-ENG-38, the National Science Foundation-Office of Science and Technology 
Centers under contract #STC8809854.



FIGURE 1
Configuration of magnetic field and transport cur­
rent in an artificial multilayer of NbN/AlN.

ing occurs10 as a result of a dimensional crossover 
from three dimensional (3D) vortex lines to 2D 
independent pancake-like vortices11, which reside 
in well-coupled adjacent Cu-0 hi- or tri-multi­
layers. This decoupling of vortices renders the 
sparse pinning sites in individual Cu-0 multi­
layers to be much less effective. The 3D to 2D 
crossover is shown10 to occur when ksT exceeds 
the Josephson coupling energy of these Cu-0 
multilayers. For the less-anisotropic YI^CusO?, 
this dimensional crossover does not occur below 
Hc2> presumably because the conducting Cu-0 
chains short circuit12 the Josephson interlayer 
coupling. The resulting 3D dissipation may be 
explained by thermally-activated magnetic flux 
creep0 or a vortex-glass transition8. These results 
explain why YI^CusOv has the best properties in 
a field and also shows that strong interlayer 
coupling is a key to finding good alternatives.

2. FIELD PARALLEL TO LAYERS
2.1. Crossover in NbN/AlN multilayers 
Studies related to the intrinsic pinning of the 

Cu-0 layers for fields parallel to them have been 
done in sputtered artificial multilayers of the LTS 
superconductor NbN with insulating AIN. The 
fabrication and characterization is discussed else­
where9. The multilayer structure and measure­
ment geometry are shown in Fig. 1, which also 
indicates that the magnetic vortices, which are 
shown projected onto the front side, lie in the
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FIGURE 2
Normalized critical current density for various 
multilayers of NbN/AlN vs. reduced field.

strongly pinning AIN insulating layers (thickness 
of 2 nm). For the various NbN layer thicknesses 
shown in Fig. 2, in which Tc varied between 10 
and 15 K, the field-dependent Jc at a temperature 
of 4.2 K is plotted against 1-b, where b=H/Hc2- The 
high-field behavior is always a good fit to the (1-b)2 
dependence of vortex depinning from an ideal 
planar vacuum interface13, but there is a sharp 
crossover at a reduced field which varies with 
NbN thickness. Further experiments, with the 
field rotated parallel to the transport current (see 
Fig. 1), tested the Lorentz-force dependence. As 
opposed to the high-field behavior, Jc was com­
pletely independent of the macroscopic Lorentz 
force at low-fields. To explain the low-field Jc, we 
recognized that the columnar grains in NbN 
sputtered films (10-100 nm diameter) are sur­
rounded14 by thin insulating boundaries which 
couple the superconducting grains by the Joseph­
son effect. In these junctions, dissipation occurs 
by phase slips which have15 a weaker field depen­
dence than (1-b)2 and no Lorentz-force dependence



to satisfy the conditions for the low-field behavior 
shown in Fig. 2.

2.2. Intergranular Josephson junction model
In zero field, the Josephson critical current, 

Icj, depends on the product of the superconducting 
order parameters, Ya and yt,, on each side of the 
junction16. Applied fields will be quite uniform for 
poH>0.2 T, because then the penetration length, X, 
is » the flux line spacing, but depairing by the 
field will reduce y: Abrikosov's solution17 of the 
vortex lattice determines the spatial average of y 
from <y2>=y02(l-b), where y0 is the zero-field 
value. Thus to first order, Icj ~ yaVb (1-b), 
which is a weaker field dependence than (1-b)2 for 
pinning. However, because the flux cores (which 
account for the smallest y) are pinned in the AIN 
insulating layers, the reduction in Icj between 
NbN grains will be smaller than the above, al­
though still proportional to the vortex density (i.e., 
Icj « (1-rib), where ti<1), which is in agreement 
with the data of Fig. 2. In addition, statistical 
averaging of the complex, random geometry will 
smear out any interference effects which are 
small anyway, because the junctions are so small. 
Finally, Josephson phase slippage occurs in zero 
field and does not require flux motion of the 
external field, so it is independent of the 
macroscopic Lorentz force.

We interpret the data of Fig. 2 as a competition 
between depinning of the external field vortices 
and Josephson phase slippage with the experi­
mental Jc measuring the weaker. For b less than 
the crossover field, b*, the Josephson critical cur­
rent between grains of the film is smaller than the 
depinning critical current, which is presumed to 
continue to increase as (1-b)2 as in the single NbN 
films. For LLH, the Lorentz force is a maximum 
and there will be a crossover to depinning (at b*), 
if Jcj<Jco> because of the weaker field dependence 
of Jcj. Such a crossover is not expected for IIIH, 
and Jc is significantly larger (~3 times) than for 
IlH. For IIIH, Jc does not appear to follow the
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FIGURE 3
Resistive transitions in a c-axis oriented thin film 
ofTl2Ba2CaCu20x for fields parallel to the layers.

pure Josephson behavior up to HC2, but rather a 
mixed behavior which can be understood as a 
residual iLorentz force, due to possible inhomogen­
eous intergranular current paths.

2.3 Measurements in Tl2Ba2CaCu2Ox
Sputtered films of Tl2Ba2CaCu2Ox were pre­

pared and appropriately characterized4. Resistive 
transitions for H parallel to the Cu-0 layers are 
shown in Fig. 3 for a current density of 10 A/cm2. 
These results, as well as the low-temperature Jc 
and I(V), were shown to be strictly independent of 
the Lorentz force, and since significant intrinsic 
vortex pinning is expected from the wide insulator 
spacing between Cu-0 bilayers, a mechanism 
other than vortex motion is suggested here4, as in 
the NbN/AlN multilayers. We can rule out mis­
alignment of the external field or crystal axes 
because an average value of 3.8° would be needed 
to explain the results. Likewise, the thermal gen­
eration of vortex/anti-vortex pairs cannot easily 
explain the large increase in broadening in very 
small fields compared to Hc2. Fitting this data of 
Fig. 3 is complicated by the 'double-transitions’, 
which are very reminiscent of resistive transitions 
for granular materials18 and two-dimensional 
Josephson junction19 or proximity-coupled20



superconducting arrays. In these cases, the 
superconducting grains or islands exhibit tran­
sitions at their Tc resulting in the initial resis­
tance decrease, but not to zero resistance. The 
grains or islands then couple to each other with a 
supercurrent at a lower temperature. Thus we fit 
the lower-temperature transitions to:

p(T,H)=p0 exp (-(|’H-), (1)

where the activation energy, U(T,H), is best fit4 by 
the form U0(H)(l-t)2 where tsT/Tc. We find fixed 
values of 1.2xl0~5 ficm for p0 and 104.2 K for Tc 
(which should be virtually unaffected by H because 
Hc2 is so large). This Tc is very close to the mean- 
field value of 104.6 K determined by fitting the 
resistance above Tc to the 2D fluctuation model5. 
The excellent agreement of the fit is shown in Fig. 
3, and Uo(H)=64500[K]/H1-09 is the only free para­
meter, with H in T. The measured low-tempera­
ture Jc was proportional to (l-t)2/!!0-24.

Following the results in the NbN/AlN multi­
layers we try to fit the data to a classical Joseph­
son junction with an insulator barrier, for which 
U is given16 in zero field as Ecj/kB, where

Ecj = ilc/e, (2)

W = 2eRN tanh (2kBT)’ (3)

where Rn is the normal-state junction resistance 
(e.g., above Tc) and A(T) is the energy gap. Using 
the above extension to finite fields, U « (1-b) (l-t) 
near to Tc. These field and temperature depen­
dences were confirmed by measurements in gran­
ular NbN films15, but they are in conflict with the 
fits of Fig. 3 and the measured Jc. This tempera­
ture dependence can be resolved by recent meas­
urements21 on individual grain-boundary junc­
tions in YBa2Cu3C>7 showing Ic~(l-t)2. These have 
been interpreted as insulator junctions by apply­
ing the boundary conditions of Deutscher and

FIGURE 4
The characteristic fields for thermal activation for 
various HTS fall in four groups. From left, 
YBa2Cu3C>7; TlBa2CaCu20x and TlBa2Ca2Cu30x; 
Tl2Ba2CaCu20x; and Bi2Sr2CaCu20x. See text.

Muller22) Alternatively, normal-metal barrier 
proximity junctions26*23 give this temperature 
dependence. However, the field dependence is 
hard to understand within a simple Josephson 
junction model, so the exact nature of the residual 
non-vortex motion dissipation in Tl2Ba2CaCu20x 
for Hllaf) is still unclear.

3. FIELD PARALLEL TO c-AXIS 
3.1. Thermal activation in HTS 
For Hllc, the lack of intrinsic pinning implies 

that the much greater broadening is due to 
thermally-activated flux motion6-8, which can be 
characterized experimentally by the resistivity 
transitions such that p(T,H*)/pn = 10-5, where pn 
is the extrapolated normal-state resistivity at Tc 
(e.g., see Fig. 4 of Ref. 4). These H* are plotted in 
Fig. 4 against l-t for many samples of five HTS, 
including some from the literature24-26. For the 
Bi- and Tl-systems, the data are inadequate to 
compare the magnetically-measured irreversibil­
ity line to H*, but our thermally-activated model 
implies that agreement between these would 
depend on having equivalent sensitivities for



internal electric fields in each measurement. 
Such an equivalence27.28 is demonstrated expli­
citly for YBa2Cu307 in Fig. 1, although the good 
agreement may be related to the existence of a 
vortex-glass phase transition8, rather than equi­
valent sensitivities. Figure 1 also shows that H* is 
fairly independent of sample quality (e.g., 
epitaxial or polycrystalline films, single crystals, 
minor amounts of second-phase material, etc.), at 
least with our uniform criteria. For 
Tl2Ba2CaCu20x, the data for two polycrystalline 
and one epitaxial film coincide quite well, even 
though the measured Jc of the epitaxial film is ~10 
times larger for all H and T. Deviations of the low- 
field data for TlBa2CaCu20x and TlBa2Ca2Cu30x 
are likely an artifact due to minor impurity 
phases which nonetheless caused double-trans­
itions in that field range. Note that the shape of 
p(T,H) can vary from sample to sample perhaps 
due to the differences in their morphology. For 
example, the YBa2Cu3C>7 data in Fig. 1 bunch 
together, even though the single-crystal data 
exhibited a kink near the foot of the transition25.27 
which is not found in our epitaxial films.

3.2 Josephson interlayer coupling model
An important step for understanding these 

data was the recognition that weak coupling 
between superconducting Cu-0 layers, implied by 
a high degree of anisotropy, allows for thermally 
activated decoupling of the magnetic-field-induced 
pancake-like11 vortices in adjacent Cu-0 layers, 
for Hllc. The resulting independent motion of 
vortices in adjacent layers, i.e., two-dimensional 
(2D) behavior, greatly reduces the effectiveness of 
pinning (e.g., by point defects in the Cu-0 layers), 
when compared to extended, 3D vortex lines. 
However, even in the 2D regime, any finite pin­
ning strength in the individual Cu-0 multilayers 
can become effective at sufficiently low temper­
atures, thereby increasing H* above the dimen­
sional crossover value. Since the experimental 
data indicate a weak dependence of H* on sample

quality even at low temperatures (for fields up to 
-10 T), the most likely low-temperature processes, 
which will be considered below, are intrinsic flux- 
lattice melting or depinning from universal 
pinning sites, such as oxygen vacancies in the Cu- 
0 layers. In the latter case, we envision enough 
elasticity in the flux lattice that individual vortices 
can be thermally depinned after which another 
vortex falls into the vacant potential well. Our 
uncertainty about the low-temperature mechan­
ism, means we cannot rule out that additional 
pinning may increase H* at low temperatures.

The dimensional crossover occurs when the 
coupling energy between adjacent Cu-0 multi­
layers, EC(H,T), is ~kBT. Previously, electromag- 

, netic coupling of vortices was considered, but the 
relevant Ec was found11 to be too small to explain 
the relatively narrow resistive transition in 
YBa2Cu307, and it could hardly account for the 
vast differences found between YBa2Cu307 and 
the highly-anisotropic HTS Bi2Sr2CaCu20x and 
Tl2Ba2CaCu20x. On the other hand, the magni­
tude of the Josephson coupling energy, Ecj, for the 
phase of the superconducting order parameter16, 
exhibits the right range of values in the highly- 
anisotropic HTS because pc is so large. For 
Josephson tunneling through an insulating bar­
rier, Ecj is given by Eqs. 2 and 3 for zero magnetic 
field, and must include the (1-b) term for finite 
fields, to account for the spatial average over the 
flux-line lattice. For Josephson coupling of a 
vortex to both neighboring Cu-0 layers, Ec=2Ecj, 
and the relevant junction area is that of one 
vortex, <VH, so that RN=pcs|i0H/O0, where s is the 
repeat distance of the Cu-0 multilayers. From 
standard tunneling theory29 and experiment30, 
Rn should be proportional to exp(-d;/do), where d; 
is the insulator thickness and do = ^/\8mO 
accounts for the tunneling barrier height, <1>. We 
always assume pc is independent of T and H. The 
resulting 3D to 2D dimensional crossover is shown 
as the solid line in Fig. 5 for reasonably weak



depinning 
(or melting)

x 0.4

T/TC

0.001

1 -t

FIGURE 5 •
Characteristic fields for thermally-activated 3D to 
2D crossover, flux depinning and the combined 
effect of both to produce H*. Also shown is HC2.

coupling, i.e., high anisotropy.
Flux-lattice melting in 2D occurs for kBT=Em, 

where7

A Cgo O0 ds
Em = -----U ^2x (J-qH

(4)

where A is of order one, ds is the superconducting 
Cu-0 bi- or tri-layer thickness and the shear 
modulus has been determined by Brandt31 to be:

C66 - (l-0.29b) (1-b)^, (5)
2p0

where Bc is the thermodynamic critical field.
Alternatively, we consider depinning. The 

energy associated with depinning is given by that 
fraction, a, of the loss in superconducting conden­
sation energy of a vortex line, which is compen­
sated by a particular pinning site13:

Ep = a 7t^ab2ds (1-b)2. (6)
4*0

For both Bc(t) and HC2(t), we assume the clean- 
limit temperature dependence of l-t2, which has 
some justification from measurements32 in 
YBa2Cu307. In that case, the ratio of these, i.e.,

FIGURE 6
Data for H* as defined in the text for various HTS, 
along with fits (solid lines) to the model. From 
top: TlBa2CaCu20x ; TlBa2Ca2Cu30x; several 
films ofTl2Ba2CaCu20x; and two Bi2Sr2CaCu20x 
single crystals.

y

Ep/Em=23ia(l+t)/A(l-0.29b)l is weakly dependent on 
b and t, so that both terms give reasonable fits to 
the data when combined with the Josephson 
tunneling model and it is not possible to choose 
between them based on the present data and 
analysis. An example of thermally-activated 
depinning is also shown in Fig. 5 as a dashed line 
for the parameters a<l>odsBc(0)2/4|iokBTcBC2(0)=0.5 
and [jt^<E>o/e2pcsBc2(0)] [A(0)/kBTc]=0.05. It should 
be noted that Ep=kBT always has a solution with 
b=H*/HC2=0 and a finite T<TC. This can be seen 
from Eq. 6 and the same is true for Em. However, 
extending these solutions into the 3D regime at 
low fields would be incorrect since it would not 
describe vortex line interactions, whereas the 
distinction between 2D and 3D is valid even at the 
lowest temperatures. For vortices to move, they 
must overcome both energy barriers, so we fit the 
H* data by solving kBT=Ep(H,T)+2Ecj(H,T), as 
shown in Fig. 5 as the heavy solid line.

3.3 Results and implications
The data of Fig. 4 are thus fit using three 

parameters: Hc2; pc, which is related to the 
strength of Josephson coupling; and aBc2/2p0,



which is related to the pinning strength (or a 
similar parameter for a melting transition). 
Assuming the BCS value of 1.76 for A(0)/kBTc> 
these fits are shown in Fig. 6 and the resulting 
parameters are given in Table I together with 
other derived ones. The values of Bc(0) assume 
that a=l, k is given by |ioHc2(0W2Bc(0), and Hci(0) 
is Bc(0) Zn(K) /V2k. The coherence lengths are 
given by ^ab(0)=V <1)c/2tcHoHc2(0) and Xab(0)=K ^ab(O)- 
An important further prediction of coupling by 
Josephson tunneling is an exponential depen­
dence of pc on dj, and the data are shown in Fig. 7 
for the Tl- and Bi-based HTS materials. While 
these data do not fall on one straight line, we 
anticipate the possibility of different tunneling 
barrier heights or tunneling effective masses, at 
least between Bi-0 and Tl-0 insulating layers. 
Nevertheless, the best fit gives a reasonable value 
of d0=l A and a barrier height of 0.8 eV assuming 
a free electron mass. Values of d0=l-1.6 A are 
typically found in artificial or natural oxide 
tunneling barriers29-30.

The derived parameters presented in Table I 
should be viewed with some caution because of our 
somewhat arbitrary criterion for H*, uncertainty 
over the proper low-temperature model of flux 
dynamics and our untested, but reasonable, clean- 
limit assumption that Bc(t) and Hc2(t) are propor­
tional to l-t2. In addition, in some cases the data 
do not span a sufficient field range to tie down the 
parameters of the fits precisely. Nonetheless, the

Bi-221 2

TI-1 21 2 TI-221 2
TI-1 223

FIGURE 7
Values of pc for the fits of Fig. 6 indicating the 
exponential dependence on the Cu-0 multilayer 
spacing d;, expected for Josephson tunneling.

parameters are reasonable. In particular, the 
penetration length, Xab(0), and Bc(0) are close to 
expectations based on measured values for 
YBa2Cu307 of32 140 nm and33 -0.8 T, respectively. 
For Bi2Sr2CaCu20x, recent muon spin-resonance 
experiments34 have concluded that jioHC2(0)=44 T, 
K-100 and >-ab~250 nm, in good agreement with 
Table I.

A further prediction of this model is that 
dimensional crossover is independent of the 
pinning strength, whereas the low-temperature 
H*, and particularly Jc, can be enhanced by

Table I. Parameters for the highly-anisotropic HTS studied in this paper. Structural data come from the 
literature and Tc is measured directly. The fits shown in Fig. 6 provide Hc2(0), pc and aBc(0)2, while the 
rest are derived from formulas in the text assuming a=l.

Sample s
(A)

di
(A)

ds
(A)

Tc
(K)

W)Hc2(0)
(T)

Pc
(ficm)

aBc(0)2/2po
(J/cm3)

Bc(0)
(T)

K jioHci(O)
(T)

U(0)
(A)

kab(0)
(A)

Tl-1212 12.75 9.57 3.18 72 80 1.8 0.11 0.53 110 0.0165 20 2100
T1-1223A 15.87 9.59 6.28 104 110 2 0.13 0.56 140 0.0141 17 2400
Tl-2212 14.7 11.55 3.15 100 60 8 0.087 0.47 91 0.0164 23 2100
Bi-2212A 15.45 12.29 3.16 80 40 34 0.049 0.35 81 0.0135 28 2300
Bi-2212B 15.45 12.29 3.16 79 40 84 0.047 0.34 82 0.0130 28 2300



improved flux pinning: evidence for this is found 
in the Tl2Ba2CaCu20x films reported above, 
proton-irradiated YBa2Cu307 crystals28, an alpha- 
irradiated Bi2Sr2CaCu20x single crystal1 and35 
neutron-irradiated Tl2Ba2Ca2Cu30x polycrystals. 
These studies report small changes at low 
temperatures in the irreversibility line or resistive 
tail, but large differences in Jc.

The data for YBa2Cu307 could not be fit to the 
model with a reasonable value of pc: a possible 
explanation is that the electrically conducting12 
Cu-0 chains short circuit the tunneling between 
adjacent Cu-0 bilayers in YBa2Cu307, yielding a 
much lower anisotropy and pC|. Thus for the 
smaller experimental pc for YBa2Cu307, the 
model predicts the dimensional crossover to be 
above HC2(T) and our model does not treat the 
dynamics of 3D vortex lines. Information based 
largely on the current-voltage characteristics, 
I(V), tends to support36 a picture of a vortex glass 
transition for YI^CusO?. For Tl2Ba2CaCu20x, 
the I(Y) for a similar range of parameter space do 
not support3 4 such a vortex glass model.

3. SUMMARY OF CONCLUSIONS
The dissipation associated with the broadened 

resistive transitions of the highly-anisotropic 
high-temperature superconductors has been 
studied for fields parallel and perpendicular to the 
superconducting layers. The absence of any 
Lorentz force for H parallel to the Cu-0 layers is 
shown, by analogy with artifical multilayers of 
superconducting NbN with insulating AIN, to be 
due to the strong intrinsic pinning of the layered 
structure, such that the residual measured 
dissipation is due to a mechanism not involving 
vortex motion. For H perpendicular to the Cu-0 
layers, vortex motion causes the dissipation, but 
only after a crossover from 3D vortex lines to 2D 
vortex pancakes. This intrinsic crossover is 
determined by the Josephson coupling between 
Cu-0 bi- or tri-layers and thus is unaffected by

additional flux pinning. At low temperatures, 
pinning can be effective even in the uncoupled 2D 
layers, and can also increase H* and the critical 
current density in this model.
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