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Dissipation in Highly Anisotropic Superconductors

P. H. Kes, J. Aarts, V. M. Vinokur, ® and C. J. van der Beek

Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9506, 2300 RA Leiden, The Netherlands
(Received 9 November 1989)

In layered superconductors with very weak coupling between the layers the concept of a flux-line lat-
tice breaks down when the field is oriented parallel to the superconducting planes. For an arbitrary field
orientation we propose that the formation of an Abrikosov lattice is only related to the perpendicular
field component. The parallel field component penetrates as if the superconducting planes were com-
pletely decoupled. This model explains recent experiments which have questioned the driving mecha-
nism for dissipation in the superconducting phase of the high-temperature oxide superconductors.

PACS numbers: 74.60.Ge, 74.70.Ya

Recently, serious questions have been raised about flux
creep as the origin of dissipation in high-temperature su-
perconductors. Iye, Nakamura, and Tamegai' reported
measurements of the resistivity p in thin films of
Bi,;Sr,CaCu;0g (Bi:2212) at temperatures down to 15 K
below 7. (=79 K). When both the magnetic field H
and the current I were oriented along the CuO; planes, p
did not change with the variation of the angle ¢ between
H and I. Because the macroscopic driving force of a uni-
form current with density J on a flux-line lattice (FLL)
with flux density B is given by F; =Jx B, one would ex-
pect Fy, to vary like sing, and therefore p «sing, if
thermally activated flux flow? is the origin of the dissipa-
tion. In contrast, similar experiments by Palstra et al.?
on single crystals of YBa,Cu307 (Y:123) showed a dis-
tinct resistance anisotropy for the cases ¢=0 and
o=n/2.

In this Letter, we propose a solution for the different
observations in Refs. 1 and 3. The obvious conclusion
from these experiments is that the resistance anisotropy
in ¢ disappears for the material which exhibits the larg-
est anisotropy of the superconducting parameters. Such
anisotropy of the superconducting state is expressed as
the ratio of the effective masses of the quasiparticles for
motion in the CuQO; planes to those for motion normal to
these planes, m and m,, respectively, and is defined by a
parameter I'=m,/m. In a recent Letter by Farrell er
al.* describing transverse magnetization measurements
on a Bi:2212 single crystal, a very large value of
' =3000 was reported, whereas for Y:123 it is 26.°

This very large I' value has important consequences
for the situation encountered when the field is exactly
parallel to the CuO, planes (HLc). According to the
Ginzburg-Landau (GL) theory for anisotropic supercon-
ductors, the field would penetrate in the form of a FLL
consisting of isosceles triangles.® For B=1 T the size of
the FLL unit cell in the ¢ direction would be 6.3 nm and
300 nm in the direction perpendicular to c.* Accepting
that the flux-line cores are located between the supercon-
ducting CuO, planes,”® the supercurrents circulating
around the cores have to flow in the CuO; planes and
tunnel between them. For B=20 T, still not extremely

high in view of the reported value of 45 T/K for the slope
of B., at T.,° the distance between the FLL planes mea-
sured along ¢ would have decreased (B ~'2) to 1.4
nm, which is comparable to the distance between the
CuO; planes. At still higher fields the theory for aniso-
tropic superconductors would predict more than one
FLL plane between adjacent CuO, planes. Consequent-
ly, the supercurrent pattern would not be identical for all
vortices, which is in conflict with the conventional pic-
ture of a FLL.

The above “breakdown” of the Abrikosov lattice has
not been previously considered, although it is related to
the properties of layered superconductors which were
studied in several papers.'®!2 When the coupling be-
tween the superconducting layers is very weak, a descrip-
tion in terms of superconducting layers coupled by 2D
Josephson junctions is more realistic than an anisotropic
3D Ginzburg-Landau model. In the 2D description the
order parameter is large in the CuQ; planes, but almost
uniformly zero between the layers. The field parallel to
the planes penetrates in the form of Josephson vortices
with mutual distance a == ¢o/Bs, where s is the distance
between the planes. (Note that the theory of 2D
Josepshson junctions has to be revised for the oxide su-
perconductors, because the superconductivity is located
in a layer of thickness 0.3 nm.!3) Since the screening is
very weak, both H.; and the magnetization are extreme-
ly small (<1073 T at T=0 K), i.e., the field penetrates
between the decoupled superconducting layers as if the
material is “magnetically transparent.” The condition
for the crossover from 3D to 2D is given by'°

T =) =2[£,5(0)/512, 1)

where 1., =T/T. is the crossover temperature, and &£z
is the Ginzburg-Landau coherence length in the CuO,;
planes. For Bi:2212 with &,,(0) =3.2-3.8 nm,*'4s=1.2
nm, and I'=3000 we obtain 7, —T.,,=0.4-0.6 K. For
Y:123 with £,(0) =2.0 nm, s=0.83 nm, and I" =26, we
get 1 —¢,,=0.45. So, according to this criterion, Y:123
should in practice always behave like an anisotropic 3D
superconductor. In fact, a vortex lattice has been ob-
served by Dolan ef al. '’ in Y:123 single crystals for fields
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both parallel and perpendicular to ¢. On the other hand,
Bi:2212 will show 2D behavior half a kelvin below T..

Experimental evidence for the dimensionality of the
superconductivity in thin films usually is obtained from
the temperature and angular dependence of the upper
critical field, or from the temperature dependence of the
paraconductivity due to superconducting fluctuations. A
difficulty with the high-temperature superconductors is
that the transition field cannot be accurately determined
from the resistive transition in a field, due to thermally
activated flux flow.'® Nevertheless, a clear tendency is
observed in the angular dependence with respect to the
CuO; planes. If 8 is the angle between the field orienta-
tion and the normal to the planes, Naughton et al.'* find
for Y:123 a smooth behavior at H.,(8) around 8=nx/2 in
accord with the anisotropic 3D theory, whereas in
Bi:2212 (Ref. 14) the 2D cuspedlike behavior as predict-
ed by Tinkham'” is observed. The latter was also report-
ed by Juang er al.'® Direct determination of H., from
the reversible magnetization of a Y:123 single crystal'®
confirms the results of Ref. 14.

Similar behavior of the resistively measured transition
fields of single crystals of Y:123 with O¢9 and Og¢ has
been very recently reported by Bauhofer et al.?° A 3D
character is observed in the Ogg, while the 2D cusp is
seen in the Og¢. Most striking is that the anisotropy of
the latter composition is found to be ' =1600. Further-
more these authors also see evidence for a dimensional
crossover. Below T, which lies about 3 K below T.
(=58 K), the critical field rises steeply. This would be
in agreement with the (1 —7)'/? dependence following
from the 2D expression H, =2\/ch)~/¢1, with d the
thickness of the CuO; planes. Note that this expression
yields H.(0) =2.5 kT, if the paramagnetic limiting is ig-
nored, and that J. would be equal to the depairing
current.

Regarding the superconducting fluctuations, recent re-
sults of Kim et al.?' show evidence for 2D fluctuations in
thin films of TI1:2212 which is probably more anisotropic
than Bi:2212. Earlier work of Oh et al.?? on films of
Y:123 revealed evidence for a dimensional crossover.
Both observations are consistent with the angular depen-
dence of H.,. Additional evidence for the 2D behavior
of Bi:2212 has been obtained by Martin et al.?} from the
anisotropy of the zero-field critical-current densities.

From the above discussion it follows that Bi:2212 ac-
tually behaves as if the CuO, planes are decoupled, i.e.,
the field parallel to the CuO; planes penetrates com-
pletely. For arbitrary field orientations we now propose
that only the perpendicular component H , gives rise to a
vortex lattice with both the order-parameter zeros and
the screening currents in the CuQO; layers. In the follow-
ing we will first discuss how this model resolves the im-
portant questions raised in Ref. 1, and subsequently
show that it is consistent with the results of resistance,
magnetization, and torque measurements.
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FIG. 1. B./B vs cosf as determined from Fig. 2 of Ref. 1
displaying the fact that p is constant for the same B ..

For Iye, Nakamura, and Tamegai’s experiment' the
consequences of the 2D model are clear. When H.lc
there are no vortices and there should be no dissipation
related to flux flow. However, considering the narrow
angle tolerance set by the ratio of the sample or grain
size and s, a perpendicular field component will inevit-
ably occur, especially if the sample is not a perfect single
crystal. Suppose H, =H,, then the minimum resistivi-
ties p(T) as given in Fig. 6 of Ref. 1 should coincide
with p(T) data measured in a field Ho directed perpen-
dicular to the film. Such data are not given in Ref. 1, so
that we cannot check this prediction. On the other hand,
the data shown in Fig. 2 of Ref. 1, displaying p as a
function of 6 (Ref. 24) for several applied fields can be
nicely explained by our model. The dissipation is created
by flux flow, because at the experimental conditions for
B and T the FLL is thermally depinned. Applying a
transport current with density J, therefore, immediately
gives rise to flux flow according to pac B . Lines of con-
stant p drawn through the maxima at 6 =0 should cross
the other curves at angles which obey the condition
cos@=B,,/B, where B,,=B(6=0). In Fig. 1 we show
several plots of B,,/B vs cos@ as obtained from the data
of Ref. 1. The linear behavior is indeed observed with
slope of 1.

Other experimental results can be explained in a simi-
lar manner. We suggest that the resistivity measured by
Palstra et al.® in a Bi:2212 single crystal for HLc is
caused by a field component in the ¢ direction, possibly
due to a small misalignment. Misalignments are also
thought to be responsible for the observations of irrever-
sible magnetization curves for H Lc.? In order to test
this we show in Fig. 2 the results of a reinterpretation of
the J. data obtained in Ref. 25 by dividing the difference
in magnetization AM by cosf® and multiplying H with the
same factor. Note that there is now only one relevant
sample dimension which should be used in the Bean
analysis. The best interpolation in Fig. 2 was obtained
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FIG. 2. Reinterpreted J.(B) data for a Bi:2212 single crys-
tal as determined from magnetization measurements in field
both parallel (open squares) and perpendicular to the ¢ axis for
four misalignment angles (deviations from @=7/2) as given in
the figure.

with a misalignment of 0.8°.
The torque for the 2D case is simply

©(8) =poM (H . )VHsin6 ()

where H, =Hcos6 and V is the sample volume. For
H. < H, <H.,; we use the 3D GL description for the
magnetization, since a theory for a vortex lattice in a
Josephson-coupled layered superconductor is not yet
available. We then have?®

M -(H¢2_¢/4K'2)ln(f]Hc2,L/HJ_) . (3)

Here H,;,, is the upper critical field for Hlic, n is a con-
stant of order unity, and x the GL parameter. When
H, approaches H,.,, for 8 very close to n/2, Eq. (3) is
no longer valid, while —M o< H, for H, — 0. We mim-
ic this behavior by the interpolation formula M’
Eq. (3). Using M’ instead of M in Eq. (2) we find that
the torque measurements on Bi:2212 performed at 77.5
K as reported in Ref. 4 can be well described over the
whole angular range by choosing x =60 and nH., , =18.
This is shown in Fig. 3. Using the value for —dB., ,/dT
of 0.75 T/K,® we find n=3.2 and H,,(77.5 K) =3.2 mT,
which are quite reasonable numbers. Finally, the as-
sumed validity of the 2D model automatically invalidates
the meaning of I'; large values of I are merely indicative
for extremely large anisotropies.

The 2D behavior has important consequences for ap-
plications, as J. will be determined by H, only. There-
fore J. for 6=n/2 can be much larger than for 8 =0; see
Fig. 2. On the other hand, it was shown?”-?® that a large
I' gives rise to both strong fluctuation effects and very
small energy barriers for thermally assisted depinning U,
which will severely limit the application possibilities at
high temperatures. For this purpose an enhancement of
U, is required, preferably by improving the coupling and
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FIG. 3. Points selected from the normalized torque data of
Ref. 4 on Bi:2212 at B=1 and T=77.5 K (squares) compared
with the prediction of the 2D theory (solid line): Eq. (2) using
M' (see text).

reducing I'.

Quite recently, Woo et a addressed the issue raised
in Ref. 1 in connection to experiments on T1:2212 films.
Gray, Kampwirth, and Farrell*® carried out torque mea-
surements on similar films and observed a I' of about
10%. Clearly, the explanation given above for Bi:2212
holds equally well for the Tl films.

In summary, we propose that in very anisotropic su-
perconductors in an applied field parallel to the super-
conducting layers the usual 3D magnetic behavior breaks
down. From the dimensional-crossover criterion it is
clear why Y:123 behaves three dimensionally and
Bi:2212 two dimensionally. As a consequence of the 2D
behavior the material is transparent for a magnetic field
component parallel to the superconducting layers. The
order parameter is finite in the layers and practically
zero in between. This can be checked most sensitively by
scanning-tunneling experiments®' on a Bi:2212 single
crystal. The dissipation observed in resistance measure-
ments on Bi:2212 well in the superconducting phase is
due to thermally activated flux flow of the FLL created
by the field component normal to the layers. In small
fields and close to T, a Kosterlitz-Thouless transition can
be observed.3>3* Important consequences can be expect-
ed for applications. Finally, it should be mentioned that
these remarks also apply to artificially fabricated
superconductor-insulator multilayers.
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