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Role of anisotropy in the dissipative behavior of high-temperature
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study of the dissipative behavior of various classes of high-T, superconductors
fields, we demonstrate that materials with a large electronic aoisotropy, like the
Bi and Tl compounds, have intrinsically smaller pinning energies than more isotropic materials.
Consequently, the highly anisotropic materials exhibit thermally assisted dissipation down to temperatures far below T, . In spite of small pinning energies, large critical current densities J, can
be observed in the critical-state regime at T & T,„. In this regime irradiation damage produces
large changes in J„but only modest changes in the magnitude of the pinning energies as evidenced in the thermally activated regime. %e introduce a general criterion, which denotes the
temperature and magnetic-field regime in which superconductors can be applied.

In a comparative

in large magnetic

vortex pinIn the high-temperature
superconductors
ning energies are comparable to thermal energies in a
(H
large part of the magnetic-field-temperature
phase diagram. Consequently, the dissipation in this regime is dominated by thermally assisted flux motion, '2
which has been described successfully by various diA'usion
models.
It is generally believed that the small magnitude of the activation energies is mostly related to the
small coherence length.
In this paper we demonstrate
that the low pinning energies are in addition related to the
large anisotropy of these materials, i.e., the coupling
strength between the superconducting Cu-0 layers. The
activation energies for Ilux motion are found to decrease
systematically with increasing anisotropy.
The second subject of this paper is to explore the relation between the value of the depinning critical currents J,
and the pinning energies U(T) in these anisotropic media.
It was observed experimentally that the critical current
density J, can vary by 2 orders of magnitude when comparing single crystals and thin films of the same material,
yet the width of the resistive broadening in an applied
A similar observation is
magnetic field is very similar.
that the "irreversibility line" remains unaAected by irradiation damage, whereas J, does change. ' In this paper we
will discuss an interpretation
of this behavior, as well as
the practical consequences: In which part of the H-T
phase space can we exploit the superconducting properties
of the high-T, materials? %e restrict ourselves to "wellconnected" materials and exclude the inliuence of weak
links, grain boundaries, etc.
First, the relationship between anisotropy and activation energies is discussed. Figure I (a) shows the resistive
transition of single crystals of representatives of various
classes of the high-T, compounds:
Ba2YCu307 —q for
b=0 and 0.3, Bi2Sr2CaCu20s, and T128a2CaCu20s. A
magnetic field of 5 T is applied perpendicular to the Cu-0
planes, and the scales are normalized to p„(T, ) and T, .
Clearly, there is a distinct difference in their behavior,
e.g. , Ba2YCui07 has a vanishing resistance (on this scale)
for T/T,
9, whereas for Tl 2:2:I:2 the resistance becomes immeasurably small only for T/T,
0.3.
Previously, we have shown that the "foot" of the fieldbroadened p(T) curve can be associated with thermally

activated flux motion: '
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FIG. l. (a) The temperature dependence of the resistive transition in a magnetic field of 5 T perpendicular
to the Cu-0
planes, normalized for p, and T„ for representatives of various
classes of high-temperature superconductors: Ba2 YCu307 (open
circles), Ba2 YCu306 7 (solid circles), Bi2Sr2CaCu20g (open
squares), and ThBa2CaCu208 (solid squares). (b) The temperature dependence of the activation energies for Aux motion for
these four compounds derived from the resistivity data (see
text). Indicated are the diff'erent regimes for flux motion: flux
flow for U(T) & k&T, thermally activated regime for I & U(T)/
kg T & 40, and the critical state for U(T)
40k' T. The arrows
indicate the crossover temperature T from Aux Aow to thermalk&T
ly activated dissipation at U(T)
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This means that for a
by replotting the data of

Fig. 1(a) as

U(T) =kg T ln(pp/p(T) ) .

0.8

(2)

The value of U(T) is only weakly dependent on po, and po
can be estimated from reasonable assumptions. Previously, po was taken within the Bardeen-Stephen" dissipation
model: po =p„H/H, 2, or it was deduced from a graphical
extrapolation of p(T) vs T ' in the limit T
0. '2 For
simplicity, we take po =p(T, ). While introducing a small
systematic error in our estimate of the pinning energy
U(T), this does not affect the comparison between the
various compounds. Thus, we construct the temperature
dependence of U(T) as shown in Fig. 1(b) for these highT, materials.
From Fig. 1(b) we can see that there is a temperature
where the activation energy becomes comparable
to
thermal energies. ' This is, in our interpretation,
the
transition from the thermally activated dissipation regime
with U ~ kg T to the Aux Aow regime, U & k~ T, where Aux
motion is no longer impeded by energy barriers but only
by a viscous drag force. We denote this crossover temperature by T and see that, for H& =5 T, T -80 K for
50 K for Bi2Sr2CaCu208. ObviousBa2YCu307, but T„—
ly, T„ is magnetic-field dependent in that T„ increases in
lower fields. The temperature dependence of U(T) shown
activation
in Fig. 1(b) indicates that the zero-temperature
energy is largest for Ba2YCu307 and lowest for Tl 2:2:1:2.
Now we will relate the value of T„ to the anisotropy.
The anisotropy of the various high-T, materials is a consequence of their layered crystal structure with stacks of
"conducting" (high conduction electron density) Cu-0
sheets, alternating with sheets of "poorly conducting"
(low conduction electron density) material like Bi-0 or
Tl-0. This electronic anisotropy has been probed in various ways, such as the electrical resistivity anisotropy p, /
p, b. ' For the present discussion the anisotropy of the superconducting properties is particularly significant, and
magnetic torque measurements in the reversible regime
below T, seem to be an appropriate method to measure
them. ' ' These results were analyzed in terms of an
effective mass anisotropy. (Again, the present conclusions
do not depend on how the anisotropy is measured in detail. ) Defining y=(m, /m, q) '~ it was found that y varies
from
5 for Ba2YCu307 to values as large as
50 for
Bi 2:2:1:2and y= 100 for Tl 2:2:1:2. In Fig. 2 the value
of T„/T, is plotted for various materials versus the value
of y from magnetic torque measurements. From this plot
it is clear that increasing anisotropy results in a systematic
decrease of T, . Replacing y by (p, /p, b) gives a similar
plot.
In conventional superconductors this change in behavior from stronger pinning for Ba2YCu307 to weaker pinning Tl 2:2:1:2 would be attributed to the particular defect structure of each material and the interaction between the defects and the vortices. However, in the highT, superconductors the diA'erent activation energies can
be explained in a natural way by correlating tilt modulus
of the vortices with the anisotropy of the material:'
The tilt modulus of the vortices is reduced by the poorly
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FIG. 2. Dependence of the crossover temperatures T„(open
symbols) and T„(solid symbols) normalized for T, on the electronic effective mass anisotropy in various magnetic fields 0&, b
for Ba~YCu307 (circles), Bi2Sr2CaCu208 (squares), and T12Ba2CaCu208 (triangle).

conducting sheets of Bi-0 or T1-0, where the supercurrent
density is much lower than in the "conducting" Cu-0
sheets. If the Cu-0 sheets were completely electronically
decoupled, the vortices in adjacent layers would only have
a magnetic interaction. This means that the length scale
L, along the vortex over which a vortex can move independent of the rest of the vortex structure will be much smaller for large anisotropy. Consequently, the activation energies for Aux motion also will be small for high-anisotropy
compounds, as the pinning energy scales with the correlation volume of the vortices. For the very anisotropic Bi
and Tl compounds, the correlation lengths L, are apparently so small that the pinning energies are as small as
a few k~T in a large part of the H-T phase diagram.
Therefore, we think that the anisotropy is an important
concept to explain the small activation energies. A comparison with NbN [isotropic, low T„small coherence
length, no resistive broadening, and thus large U(T)1
and the transition-metal dichalcogenides [anisotropic, low
T„significant resistive broadening, and thus small
U(T)] ' further underlines this reasoning.
Having identified the small pinning energies with the
large anisotropy, we now turn to the consequences of low
activation energies for the critical current J, . Formally J,
is related to U(T) via U= J,BV, rz, with V, the volume
of correlated vortices moving independently of the rest of
the vortex structure, and r~ the range of the pinning potential. V, is set by two length scales: V, =R, L„with R,
and L, the correlation lengths of the vortices perpendicular and parallel to the vortices, respectively. As we argued
above L, is smaller for the very anisotropic Bi and Tl compounds than for Y 1:2:3. Therefore, J, of the very anisotropic materials can be as large as in more isotropic materials, because the smaller value of U(T) can be offset by
the reduction of V, . A more intuitive picture is that in the
very anisotropic materials the vortices can fully exploit the
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pinning sites in each CuO layer, without being opposed by
the vortex stiA'ness. Thus, the small activation energies
observed in the thermally activated regime are not in contradiction with the large values of J, in the critical state.
The unfortunate consequence of the two-dimensional
(2D) nature of these materials, however, is that the regime in 0-T phase space in which the resistivity is negligible, i.e., the critical state, is enormously reduced. One
may separate the critical state from the thermally activated regime by the "practical" criterion that the supercurrents decay slower than 1:10 /h. Assuming thermally
activated dynamics [r zoexp( —U/kyar T)l with an attempt frequency so= 10 Hz, this yields a criterion used
to design superconducting magnets:

=exp(

p/po

—U(T)/ka T) —10

(3)

This occurs at a temperature T,„at which U(T) -40kB T,
as indicated in Fig. 1(b). Extrapolating the linear temperature dependence of U(T), we have plotted the magnetic-field dependence of this crossover temperature T,„ in
Fig. 3. Thus we separate the dissipation into three regimes: flux flow for U(T) & k8 T at T & T„, thermally activated dissipation
for klan T & U(T) & 40k' T, and the
critical-state regime for U(T) & 40k~ T at T & T,„.
The two criteria T and T„can be compared with other
frequently used characteristic temperatures of high-temperature superconductors, notably the irreversibility line
and the vortex-glass transition temperature.
The irreversibility line T;„ is defined as the temperature where
the vortex relaxation time equals the measurement frequency, and is thus frequency dependent. It concurs with
our criterion T„ for a measurement time r =10 h and it
equals T„when r is the vortex attempt frequency. The
vortex glass transition T~~ is defined as the temperature at
which the linear resistivity becomes zero, and was inferred
from nonlinear resistivity measurements.
As our measurements are in the low-current (linear response) regime,
Tg~ is smaller than the range in which the resistivity is

measurable. Irrespective of the nature of vortex dynamics
at these temperatures (vortex glass versus collective flux
creep ), we can always define the criterion
U
=40kgT for practical applications. The nature of the dynamics will, of course, inAuence the extrapolation of our
data (U& 10kgT) to define T„, but this effect is small
and does not affect the comparison between the various
compounds.
For practical application one has to operate the superconductors in the critical state, which is for Y l:2:3 for
T/T, &0.8 at H~, b-5 T, but for Bi 2:2:1:2 and Tl
2:2:1:2 this means that T/T, & 0. 1 at the same magnetic
field. Obviously this criterion can be relaxed for smaller
magnetic fields, or for other orientations of the magnetic
fields (see Fig. 3) with respect to the basal planes or the
electrical current direction. In zero applied field only the
self-field has to be considered, which relaxes the criterion
to T/T, &1.
Finally, we want to discuss the consequences of "artificial" pinning sites, e.g. , irradiation damage, precipitates,
on the pinning energy U(0) and the critical current J, .
High-energy ion beam irradiation damage is able to produce localized damage on length scales of the order of the
coherence length, creating strong pinning centers.
However, as a result of the strong pins the vortex lattice will be
disordered, reducing the correlation length R, . This
means that an enhancement of the pinning force,
pp, is
accompanied by a reduction of the correlation volume V, .
Therefore, U(0) can remain relatively unchanged upon
ion beam irradiation, even as the critical current can be
enhanced significantly.
This is the model we propose to understand the result of
controlled damage, as shown in Fig. 4. Here, the resistive
transition of single crystal Bi 2:2:1:2is plotted in a magnetic field of H~, b =1 T with 2 MeV He ion beam irradi-
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ation. We observe that the resistivity changes by as much
as a factor of 30, however, the activation energies change
only by 25%, and T„/T, increases only from 0. 12 to
0. 16. ' It should be realized that the difference in pinning
energies between Bi 2:2:1:2 and Y 1:2:3, as estimated
from Fig. 1(b), is as much as a factor of 100. On this
scale our results are negligible. Still, the critical current
J, has been observed in single crystal Y 1:2:3 to increase
by 2 orders of magnitude by irradiation damage.
We conclude, therefore, that strong pinning sites will
enhance J„but as the flux line lattice is disordered
(smaller V, ) the pinning energies U(0), and therefore the
resistive broadening, will hardly change. It should be
realized that the magnitude of U(0) also determines the
crossover temperature to the critical state, T„, and therefore the regime in 8-T phase space in which these materiA better pin structure will be proals can be operated.
vided by weak pins, which will no disrupt the correlation
in the flux-line lattice.
We think that the anisotropy of the materials is determined by the particular building blocks separating the
parts with large conduction electron density, the Cu-0
planes, and low conduction electron density, like the Bi-0
and Tl-0 double layers. Therefore, we expect that the anisotropy is similar for compounds with the same "insulating" building blocks like the Bi 2:2:1:2,the Bi 2:2:2:3, or
Bi 2:2:0:1 series or the Tl 2:2:1:2, Tl 2:2:3:4, and other
series. Thus within such a series we think that the critical
and thermally activated regimes span about the same
parts of the H-T phase diagram.
In conclusion, we have demonstrated that the pinning

'T. T. M. Palstra, B. Batlogg, R. B. van

Dover, L. F. Schneemeyer, and J. V. Waszczak, Phys. Rev. Lett. 61, 1662 (1988);
Appl. Phys. Lett. 54, 764 (1989); Phys. Rev. 8 41, 6621

(1990).
Y. Yeshurun and A. P. Malozemoff', Phys. Rev. Lett. 60, 2202
(1988).
M. Inui, P. B. Littlewood, and S. N. Coppersmith, Phys. Rev.
Lett. 63, 2421 (1989).
4P. H. Kes, J. Aarts, J. van den Berg, C. J. van der Beck, and J.
A. Mydosh, Supercond. Sci. Technol. 1, 242 (1989).
5M. V. Feigel'man, V. B. Geshkenbein, A. I. Larkin, and V. Vinokur, Phys. Rev. Lett. 63, 2303 (1989).
6R. Griessen, Phys. Rev. Lett. 64, 1674 (1990).
7M. Tinkham, Phys. Rev. Lett. 61, 1958 (1988).
A. Umezawa, G. W. Crabtree, J. Z. Liu, H. W. Weber, W. K.
Kwok, L. H. Nunez, T. J. Moran, C. H. Sowers, and H.
Claus, Phys. Rev. 8 36, 7151 (1987).
R. B. van Dover, E. M. Gyorgy, L. F. Schneemeyer, J. W.
Mitchel, K. V. Rao, R. Puzniak, and J. V. Waszczak, Nature
(London) 342, 55 (1989).
' L. Civale, A. D. Marwick, M. W. McElfresh, T. K. Worthington, A. P. MalozemoA; F. H. Holtzberg, J. R. Thompson,
and M. A. Kirk, Phys. Rev. Lett. 65, 1164 (1990).
''J. Bardeen and M. J. Stephen, Phys. Rev. A 140, 1197 (1965).
' D. H. Kim, K. E. Gray, R. T. Kampwirth, and D. M. McKay,
Phys. Rev. 8 42, 6249 (1990); Donglu Shi, H. E. Kourous,
Ming Xu, and D. H. Kim (unpublished).
' B. Batlogg, T. T. M. Palstra, L. F. Schneemeyer, and J. V.
Waszczak, in Strong Correlation and Superconductivity,
edited by H. Fukuyama, S. Maekawa, and A. P. Malozemoff;
Springer Series in Solid-State Sciences Vol. 89 (Springer-

3759

energy is mostly determined by the anisotropy of the
high-temperature
superconductors.
We have defined a
general criterion of U =40k~ T for applications of superconductors, denoting the crossover temperature T,„ from
the critical state to thermally assisted flux motion. We
found a clear relation of the anisotropy with T„and with
T„which denotes the crossover from the thermally activated regime to the flux flow regime, U/kts
l. In particular, the least anisotropic high-T, material Ba2YCu307, has the highest pinning energies. In the very anisotropic materials high values of
can still be obtained in
the critical state. However, the most anisotropic materials
have the smallest critical state regime extending only up
to 0. 15Tc for H&a, p & 0.5 T.
Irradiation damage can increase the critical current by
a few orders of magnitude in the critical state. In the
thermally activated regime the resistivity can be changed
a few orders of magnitude. However, the magnitude of
the pinning energy can be hardly affected and therefore
the size of the critical regime can only moderately be
affected with irradiation damage. This makes the anisotropic materials, like the Bi and Tl compounds, impractical for use at 77 K in large magnetic fields. At 77 K only
Y 1:2:3 remains in the critical-state regime in magnetic
fields up to 3-4 T perpendicular to the basal planes.

T-

I,

We acknowledge stimulating discussions with S. N.
Coppersmith, A. F. Hebard, M. Inui, P. B. Littlewood, S.
Martin, and A. P. Ramirez. The irradiation studies were
performed in collaboration with R. C. Dynes, K. T. Short,
and A. E. White.
Verlag, New York, in press), p. 368.
'4S. Martin, A. T. Fiory, R. M. Fleming, L. F. Schneemeyer,
and J. V. Waszczak, Phys. Rev. Lett. 60, 2194 (1988).
'5D. E. Farrel, C. M. Williams, S. A. Wolf, N. P. Bansal, and V.
6. Kogan, Phys. Rev. Lett. 61, 2805 (1988).
' D. E. Farrell,
S. Bonham, J. Foster, Y. C. Chang, P. Z. Jiang,
K. G. Vandervoort, D. J. Lam, and V. G. Kogan, Phys. Rev.
Lett. 63, 782 (1989).
'7K. E. Gray, R. T. Kampwirth, and D. E. Farrel, Phys. Rev. B
41, 819 (1990).
' A. I. Larkin, and Yu. N.
Ovchinikov, J. Low Temp. Phys. 34,
409 (1979).
'9A. Houghton, R. A. Pelcowits, and A. Sudbo, Phys. Rev. B 40,
6763 (1989).
J. Y. Juang, K. Barmak, D. A. Rudman, and R. B. van Dover

(unpublished).

'See, e.g. , D. E. Prober, R. E. Schwall, and M. R. Beasley,
Phys. Rev. 8 21, 2717 (1980).
22M. N. Wilson, in Superconducting
Magnets (Oxford Univ.
Press, Oxford, 1983), p. 238. This is the most stringent criterion: some applications will require only 10k&T, for example.
23M. P. A. Fisher, Phys. Rev. Lett. 62, 1415 (1989).
J. M. Valles, Jr. , A. E. White, K. T. Short, R. C. Dynes, J. P.
Garno, A. F. J. Levi, M. Anzlowar, and K. Baldwin, Phys.
Rev. 8 39, 11 599 (1989).
25For H~, , b 10 T, p(T) was found to increase for doses
beyond 20x10 "/cm~ 2MeV He.
The ' irreversibility line" also hardly changes with irradiation
because its position is determined only by the magnitude of
U(T) and not by J, .

