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Thermally activated dissipation and irreversibility fields of bismuth oxide superconductors
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Thermally activated dissipation is investigated in epitaxial Bi-2:2:2:3films in magnetic fields parallel to
the c axis. For a wide temperature T and field B range the resistivity p shows clear Arrhenius behavior
with an activation energy Uo= A (1—TIT, )IV B: p(B, T) =poexp( —Uo/kT) =poexp[ —A (1—T/
T, )IkT~B], which is explained by thermally activated flux motion with the formation of double kinks.
Temperature dependence of the irreversibility field B is predicted by Aux-creep theory as
+B =C(1/kT —1/kT, ), when B is defined by an electric-field criterion. This relation holds not only
for our films but also for magnetically determined B of Bi-2:2:2:3samples, which suggests that the ir-
reversibility line originates from thermally activated plastic motion of pinned Aux liquid.

I. I¹aODUCiiON

The irreversibility field of type-II superconductors is
defined as the field above which the magnetization be-
comes reversible and hence the critical current density J,
vanishes, as was first observed in (La,Ba)zCu04 by
Muller, Takashige, and Bednorz. ' It is well known that
the temperature dependence of the irreversibility field B'
of YBa2Cu307 (YBCO) and (La,Ba)xCu04 can be general-
ly expressed by the power law B'~(1—T/T, )" with
n =1.5, where T, is the critical temperature. ' This
temperature dependence of B' is attributed to the
thermally activated flux motion or phase slip, ' but the
vortex-glass-liquid phase-transition theory has derived a
similar relation BG-(T,—TG), where BG and TG are
the glass-liquid transition field and temperature, respec-
tively. B*values of Bi oxide superconductors, howev-
er, are much lower than those observed in YBCO, and
clear relationship between B' and T has not been
found. ' ' A power-law function similar to that of
YBCO can be applied to the low-field B' data, ' but
B is better approximated by the exponential function
B ' =Bo exp( —T/To ) in higher fields. '

The irreversibility field B is a very important measure
of the pinning force strength: a shift of the irreversibility
line to higher fields and higher temperatures due to im-
proved flux pinning is observed in irradiated YBCO (Ref.
13) and Bi2Sr2CaCuzO„(Bi-2:2:1:2) (Ref. 14) single crys-
tals, and the flux pinning force density Fz=J, XB is
scaled by B' both in YBCO (Refs. 15—17) and in Bi ox-
ides. ' ' A detailed investigation of B' is necessary to
clarify the J, behavior of oxide superconductors.

Recently we have prepared high-quality, epitaxial
Bi2SrzCaxCu30„(Bi-2:2:2:3) thin films showing high-T,
values of 92—97 K.' These films, prepared by metal-
organic chemical vapor deposition (MOCVD) on
LaA103 (100) single-crystal substrates, had a record high
J, for the Bi oxide system: J, ~10 A/m at 77.3 K in
high magnetic fields (~1T, B~~~a bplane), ' ' an-d zero-
field J,=10"A/m at 30 K. ' In this paper we investi-
gate the thermally activated electrical resistivity p in
these high-quality Bi-2:2:2:3thin films in magnetic fields
applied parallel to the c axis. For a wide temperature and

field range the resistivity shows clear Arrhenius behavior
with an activation energy Uo = 3 (1—TIT, ) I~B,
which is explained by the plastic motion of pinned flux
liquid. Flux-creep theory predicts that B'—defined by
an electric field E criterion —is determined by
U, lkT, which leads to a temperature dependence of
+B'=C(1IkT 1 lkT, )—. We have confirmed that this
relation holds not only for B' of our films but also for
several reported B*of Bi-2:2:2:3samples measured by dc
magnetization.

II. EXPERIMENT

Bi oxide thin films were deposited on LaA103(100)
single-crystal substrates by a MOCVD technique. The
details of sample preparation were reported elsewhere. '9

The films used in this study, 60-80-nm-thick, were
characterized by an x-ray diffractometer and found to be
single-phase Bi-2:2:2:3thin films with the c-axis oriented
perpendicular to the film surface. The surface morpholo-
gy examined by high-resolution scanning electron micros-
copy was very smooth without apparent grain boundaries
and reflection high-energy electron difFraction (RHEED)
pictures showed clear streak patterns, which indicates
that these films are epitaxial films.

The electrical resistivity and E-J relation were mea-
sured by a four-probe dc method using bridge patterns
with narrow strip lines (2-mm-long and 50-p,m-wide)
made by a chemical etching technique. Evaporated silver
film pads were used as electrodes, which were annealed in
an oxygen gas atmosphere [p(Oz) =20-30 Torr] at
300'C to reduce the contact resistivity. Resistivity was
measured as functions of magnetic field and temperature
in a variable temperature insert, using a 14-T supercon-
ducting magnet. Specimen temperature was controlled
by a AuFe-chromel thermocouple and a capacitance sen-
sor with an accuracy of +0.2 K.

III. RESULTS AND DISCUSSION

A. Thermally activated flux motion in Bi-2:2:2:3Slms

It has been known that the resistive transitions of
Bi-2:2:1:2single crystals and thin films in magnetic fields
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are well approximated by the thermally activated form
p(B, T)=poexp( —UQIkT) '. Figure 1 snows the Ar-
rhenius plots of the resistivity p(8, T) of our Bi-2:2:2:3
film (-80 nm thick) measured as a function of tempera-
ture in fixed fields parallel to the c axis. The critical
temperature of the film was T, (R =0)=86.5 K with

T, (midpoint)=100 K and T, (onset)=110 K. Except
near 1/T, where superconducting fluctuations set in,
these plots are almost linear in a wide 1/T range. From
the straight portion of the data (p~0. lp„, where p„ is
the normal resistivity) the activation energy Uo is calcu-
lated and plotted against 8 in the upper inset of Fig. 1,
indicating that UQ is proportional to 8 o 2=1/&B.
The 1/i 8 dependence of Uo has been demonstrated in
the analyses of p(B, T) data in Bi-2:2:1:2thin films, 23 al-
though a 1/8 dependence has widely been observed in
YBCO '5'25

To confirm the 1/&8 dependence of Uo, the resistivi-

ty p was measured as a function of 8 at various fixed tem-
peratures of 30—80 K. Figure 2 shows Arrhenius-type
plots of p vs 1/v 8 for the same sample as was used for
Fig. 1, but that was a little degraded after several mea-
surements, as T, (R =0)=85.4 K. A clear linear rela-
tionship between Inp and 1/&8 for a wide T and 8 range
confirms the 1/&8 dependence of the activation energy:

p(B, T )=po exp( —Uo Ik T ) =po exp[ —a( T ) Ik T&8 ] .

The temperature-dependent factor alk calculated from
the straight lines shown in Fig. 2 is plotted as a function
of temperature in the inset of Fig. 2. We can draw a
straight line on the plot for T ~45 K. The intersection
with the horizontal axis gives a value of T=95 K, which
corresponds to the T, of this film whose midpoint T, is
—100 K. At lower temperatures T ~ 40 K the a/k data
points slightly deviate upward from the straight line. For
our later analysis of the irreversibility field we approxi-
mate a(T) as -(1—T/T, ). Then our experimental
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FIG. 2. Arrhenius-type plots of p vs 1/&B for Bi-2:2:2:3film
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p(B, T)=p eoxp[
—a(T)/kT~B]. Inset: calculated values of

a/k plotted as a function of temperature.

p(B, T ) data are expressed as

p(8, T)=poexp( —UolkT)

=po exp[ —3 (1—T/T, )IkTv'8 ] .

The same 8 and T dependence of resistivity has been re-
ported for Bi-2:2:1:2 epitaxial films, but the linear T
dependence of the activation energy, Uo ~ 1 —T/T„was
observed only in a limited field range, 8 ~1 T. Equa-
tion (1), which can be rewritten as

p(B, T)=[poexp(A/kT, &B )]exp( —A/kT&B )

=po exp( —2 IkT&B ),
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predicts that in a fixed magnetic field a linear relation-
ship between lnp and 1/T holds. This was actually
observed in Fig. 1, and the lower inset of Fig. 1

confirms the field dependence of the apparent prefactor

po
=

po exp( A /kT, O'8 ). That is, the activation energy
plotted in the upper inset of Fig. 1 corresponds to the Uo
value at T=O K. To our knowledge such a clear magnet-
ic field and temperature dependence of the thermally ac-
tivated dissipation as is shown in Figs. 1 and 2 has never
been observed for Bi oxides.

Geshkenbein et al. proposed a model which gives a
physical origin for the observed 1/&8 dependence of
Uo. In their model Uo is associated with the plastic de-
formation of the flux-line lattice at flux-line-lattice dislo-
cations, analogous to the thermally activated motion of
edge dislocations in crystals. Uo is regarded as the ener-

gy required to create a double kink in the flux line:

Uo =2m&+o= (@o/'2~poJJ"ab JJ, ) Ina+4Q/8
FIG. 1. Arrhenius plots of the resistivity p(B, T) of an epi-

taxial Bi-2:2:2:3film in the field parallel to the c axis. Upper in-
set: activation energy Uo plotted against the applied field B.
Lower inset: apparent prefactor po plotted against 1/&B {see
text).

where c,
&

is the extra energy per unit length of the flux

line along the Cu02 plane, ao the flux-line-lattice spacing,
40 the flux quantum, A,,b and A,, the penetration depth
when the screening currents are flowing in the a-b plane
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and along the c axis, and a the Ginzburg-Landau (GL}
parameter. ' This model also explains why the temper-
ature dependence is proportional to 1 —T/T, near T„
since A, ~(1—T/T, )

' . Later Vinokur et al. have
extended this model to the plastic motion of pinned flux
liquid, incorporating the idea of vortex glass-liquid phase
transition

Recently Li et al. derived the values of ~=170 and
A,,b(0)=194 nm for c-axis-oriented Bi-2:2:2:3 samples in
their analyses of the reversible magnetization data with
the Hao-Clem theory. Their value of A,,b (0 } is close to
the previous value of A,,b(0}=232 nm reported by Shil-

ling, Hulliger, and Ott. ' However, there have been no
reliable estimate of A,,(0) or y=(m, /m, b)'~ =A,, /A, ,&

for the Bi-2:2:2:3 phase, where m, and m, b are the
Ginzburg-Landau superconducting effective masses for
pair motion along the c direction and in the a-b plane.
For Bi-2:2:1:2single crystals Farrel et al. reported the
value of y =55 from magnetic torque measurement, and
recently Kleiner et al. reported y=50 for 02 annealed
samples and y ~ 280 for Ar annealed samples. If we use
the values a=170, A,,&(0)=200 nm, and y=50 for our
Bi-2:2:2:3film, the activation energy of Eq. (2} is calculat-
ed as Uo(1T}=4580 K. This value is more than three
times larger than the observed value of Uo(1T) = 1320 K
(Fig. 1}.

The calculation of flux-line energy in Eq. (2) is based on
the London theory for an anisotropic large v supercon-
ductor with homogeneous structure. However, the
above parameters used for the estimate of Uo result in
unphysically short GL coherence length g, (0)=0.02 nm.
This suggests that we need to take into account the layer
structure of Bi oxides explicitly. According to Tachiki
and Takahashi Bi oxides are comprised of the supercon-
ducting CuOz layers and other blocking layers which are
normal or weakly superconducting with lower order pa-
rameter. The flux lines along the Cu02 planes are con-
sidered to enter into these blocking layers because the
flux-line energy is lower, and the stepwise flux penetra-
tion with many kinks is expected. This is confirmed by
the angular dependence of J,(8,8) determined only by
the magnetic field component along the c direction,
J,(8,8)=J,&(8 sin8). ' In case of the thermally ac-
tivated plastic motion the extra flux lines along the Cu02
planes are considered to enter into these blocking layers,
and their flux-line energy should be smaller than the esti-
mate based on Eq. (2). Koyama et al. calculated the
lower critical field 8,"& (the flux-line energy divided by 4o)
along the Cu02 planes using a new Ginzburg-Landau
model in which the spatial-dependent coeScients in the
GL free energy are assumed to describe the layer struc-
ture. Their numerical calculation shows that S,~~, is
lower than calculated by the continuous London model
and the temperature dependence of B,~~& has an upturn
curvature as temperature decreases [Eq. (45), and Figs. 6
and 7 in Ref. 36], similar to the temperature dependence
of a/k in the inset of Fig. 2. This upturn curvature is in-
terpreted to be a characteristic feature in proximity-
induced superconducting systems.

Although it is incorrect to use the continuous London

B. Irreversibility Selds of Bi oxides

We investigated the irreversibility field 8 ' by measur-
ing E-J relation as functions of magnetic field and tem-
perature. Figure 3 shows the E-J relation in a region
near 8'. We can see the transition from the zero-
resistivity region where there is a finite critical current
density J, to the resistive region where J, vanishes. The
transition is sharp enough to define the irreversibility
field: for our Bi-2:2:2:3 thin films having zero field

J, &10' A/m at 30—40 K, ' we

define

' as the field at
which the induced electric field becomes E=1 pV/cm
with a current density of 10 A/m, because the transi-
tion from the linear to nonlinear E-J relation seems to
occur near this point. ' ' We note that p(8, T) data
shown in Figs. 1 and 2 are taken above 8' where there is
a finite observable zero-bias resistance, (dE/dJ)z o&0.
Figure 4 shows the T dependence of 8* values for our
Bi-2:2:2:3films and other 8 ' values reported so far for Bi
oxide superconductors. The specimens are magnetically
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FIG. 3. E-J relation measured in a region near B

model for the calculation of c.
&

of extremely anisotropic
Bi oxides [Eq. (2)], Geshkenbein et al. 's double-kink
model explains well the observed 1/~8 dependence of
the activation energy, Uo =2m&ao. We note that their
model is not valid if superconducting planes are corn-

pletely decoupled and the material is transparent for a
magnetic field parallel to the CuOz planes. We do not
think that superconducting planes are completely decou-
pled, since very recently we have observed in our
Bi-2:2:2:3 thin films the finite-temperature vortex-glass
transition, which is not expected in the strictly two-
dimensional (2D) system. ' Recent magnetization mea-
surement on heavy-ion-irradiated Bi-2:2:1:2 crystals
presents experimental evidence for the line features of the
vortices against the interpretation of vortex properties in
terms of decoupled 2D pancakes. We therefore attri-
bute the thermally activated dissipation in our Bi-2:2:2:3
films [Eq. (1)] to Geshkenbein et al. 's double-kink model.
In addition, from many experimental results described
later the region where finite resistivity is observed is sup-
posed to be in the vortex-liquid regime. Our results are
attributed to the plastic motion of pinned flux liquid.
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Eq. (1). Equations (4) and (5) show that in the region near
B' the electric field E is dominated by the term
exp( —UolkT) when Uo))kT, which is satisfied in our
Bi-2:2:2:3films except near T, (Figs. 1 and 2}. Therefore,
B*—defined by an electric-field criterion —is determined
by Uo/kT. At any given temperature, B* is reached
when Uo/kT takes a specific value corresponding to
the electric-field criterion E, : 8 =8" when Uo Ik T
= ln(ICIE, ), where K is a constant. Substituting Uo by
3 (1—T/T, )/+8 [Eq. (1)],we obtain the relation

0 a a
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+8'=C(1/kT 1/k—T, ) . (6)

Temperature (K)

FIG. 4. Temperature dependence of resistively measured B
of our Bi-2:2:2:3films and the reported B values. Open sym-
bols denote Bi-2:2:2:3 samples, and solid symbols and crosses
( X ) denote Bi-2:2:1:2samples.

oriented Bi-2:2:1:2and Bi-2:2:2:3 powders encapsulated
in epoxy ' ' and Bi-2:2:1:2 single crystals " the B*
values were measured by dc magnetization. Since these
measurements are based on the intragrain current densi-

ty, an ambiguity originating from weak links at grain
boundaries is excluded.

We now discuss the temperature dependence of 8 * us-

ing the flux-creep model. ' In this study we assume a
sinusoidal spatial variation of pinning potential,

U(X) =
—,
'

Uo cos(IIXIX& ) —J8V,X,
where V, is the activation volume, and Xz is the effective

length of the potential well. ' The electric field in-

duced by the thermally assisted Aux motion is given
b 18,43,44

E=2Eo exP —Uo (1—j) ~2+ —j2

%e see in Fig. 5 that for our Bi-2:2:2:3 film and for
Bi-2:2:2:3 oriented powders there is a clear linear rela-

tionship between +8' and 1/T, and the intersections of
the straight lines with the horizontal axis give values of
T=94-112 K, corresponding to the T, 's of these sam-

ples. It is seen that Eq. (6} expresses the temperature
dependence of the irreversibility field of the Bi-2:2:2:3su-
perconductors very well. Equation (6) is the consequence
of the thermally activated dissipation expressed by Eq.
(1), which is attributed to the thermally activated plastic
motion of pinned flux liquid. This result therefore sug-
gests that the plastic motion of pinned flux liquid is gen-
erally observed in Bi-2:2:2:3specimens.

For the Bi-2:2:1:2 samples, however, the situation is
uncertain. Kucera et al. reported thermally activated
behavior similar to Eq. (1) for Bi-2:2:1:2epitaxial films:
as for the low-resistance regime near 8', the linear T
dependence of Uo ~ 1 —T/T, was only observed in the
low-field range (8 & 1 T), and at higher fields a nonlinear
behavior, attributed to a possible 2D to three-
dimensional (3D) crossover, is observed. If only low-
field (8' & 1 T) data are used for curve fitting, we can
draw a straight line and obtain a somewhat reasonable
value of T, =70 K for the data of Ref. 3 for Bi-2:2:1:2
oriented powders (Fig. 5). But the data of Refs. 11 and

~ I ~ I ~ I ~
1

I I ~

Xsinh(m Uoj/2kT), (3) Our data

where j=J/Jo, and Jo is the critical-current density

when there is no thermal activation. In the region near
the irreversibility field where j« 1, Eq. (3) reduces to

Bi-2

3
- 8i-2

8i-2
II c-axis

E =2Eo exp( —UolkT) sinh(n Uo J/2kTJo), (4)

because (1—j) +(vrl2)j =1. We note that in the origi-
nal Kim-Anderson theory —which assumes a linear J
dependence of the effective activation barrier U, ff= Uo( 1 —j ) when Uoj /kT is not small —a similar form

E =2Eo exp( —Uo /kT ) sinh( UoJIkTJo )

is obtained. '" In the thermally assisted flux-flow
(TAFF) region where UoJlk TJo « 1, Eq. (4) reduces
to E =(mEo UolkTJo) J exp( —Uo/kT), since sinh(x ) =x
for small x. %'e then obtain

p=EIJ=(mEoUolkTJo) exp( —UolkT) .

This equation corresponds to the empirical relationship,

0.02 0.04

1/T (1/K)

0.06

FIG. 5. +8 vs 1/T plots for our Bi-2:2:2:3thin films and
for reported B data. Open symbols and pluses {+)denote
Bi-2:2:2:3 samples, and solid symbols and crosses ( X ) denote
Bi-2:2:1:2samples.
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12 for Bi-2:2:1:2single crystals cannot be fitted to Eq. (6).
In fact, the field and temperature dependences of Uo in

Bi-2:2:I:2 single crystals are unclear: Palstra et al. re-

ported a temperature-independent activation energy
Uo-B with a= —,

' (B (3 T) and a= —,
' (B)3 T), but

Krause, Shi, and Datars reported that Uo -B
for B & 1.6 T assuming the T dependence of
—[1—(TlT, ) ] . If we want to observe a tempera-
ture dependence of B' similar to Eq. (6) for Bi-2:2:1:2,we
need to study both the thermally activated dissipation
and B' for the same sample.

Since the thermally activated dissipation depends on
the pinning strength and the anisotropy of the system,
the different behavior of Bi-2:2:1:2and Bi-2:2:2:3is attri-
buted to the difference of those properties. We have stat-
ed that the thermally activated plastic motion of pinned
flux liquid, to which our experimental results are attri-
buted, cannot be applied to 2D pancake vortices with
completely decoupled superconducting planes. The fact
that the plastic motion of pinned flux liquid is generally
observed in Bi-2:2:2:3suggests that Bi-2:2:2:3specimens
have enough pinning and that the simple 2D picture is
not the case for wide temperature and magnetic-field
range.

There have been several reports that suggest a possible
magnetic phase transition well below the irreversibility
line in Bi-2:2:1:2samples. ' Recently Safar et al. ob-
served a clear crossover from high-temperature Ar-
rhenius behavior to a critical region associated with the
low-temperature 3D vortex-glass phase transition in
Bi-2:2:1:2 single crystal. Wang et al. observed the

vortex-glass transition in Tl-2:2:2:3 thin films, showing
that the phase boundary is not the irreversibility line. '

Very recently we have also observed the vortex-
glass-liquid transition in our Bi-2:2:2:3 thin films and
confirmed that the vortex-glass transition line is well
below the irreversibility line as determined in this pa-
per. Taking these observations into consideration, the
thermally activated dissipation shown in Figs. 1 and 2
and the T dependence of B' [Eq. (6)] are the phenomena
observed above the vortex-glass-liquid transition line.
We believe, therefore, that they correspond to the plastic
motion of pinned flux liquid.

IV. SUMMARY

Thermally activated resistivity in epitaxial
Bi2SrzCa2Cu30 thin films can be well approximated by
an activation energy Uo= A(1 —T/T, )I~B. We have
observed a clear temperature dependence of the irreversi-
bility field, +B'=C(1lkT 1 lkT, —), as predicted from
flux-creep theory when B* is defined by an electric-field
criterion. It is suggested that the irreversibility line origi-
nates from the thermally activated plastic motion of
pinned flux liquid.

ACKNOWLEDGMENTS

The authors would like to thank K. Kadowaki of Na-
tional Research Institute for Metals for providing us their
B'-Tdata, to N. A. Fortne of Electrotechnical Laborato-
ry for a critical reading of the manuscript, and to M.
Sohtome for technical assistance in sample preparation.

K. A. Muller, M. Takashige, and J. G. Bednorz, Phys. Rev.
Lett. 58, 1143 (1987).

Y. Yeshurun and A. P. Malozemoff, Phys. Rev. Lett. 60, 2202
(1988).

Y. Xu and M. Suenaga, Phys. Rev. B 43, 5516 (1991).
4M. Tinkham, Phys. Rev. Lett. 61, 1658 (1988).
5M. P. A. Fisher, Phys. Rev. Lett. 62, 1415 (1989);D. S. Fisher,

M. P. A. Fisher, and D. A. Huse, Phys. Rev. B 43, 130 (1991).
R. H. Koch, V. Foglietti, W. J. Gallagher, G. Koren, A. Gup-

ta, and M. P. A. Fisher, Phys. Rev. Lett. 63, 1511 (1989); R.
H. Koch, V. Foglietti, and M. P. A. Fisher, ibid. 64, 2586
(1990).

7P. L. Gammel, L. F. Schneemeyer, and D. J. Bishop, Phys.
Rev. Lett. 66, 953 (1991).

Y. Yeshurun, A. P. Malozemoff, T. K. Worthington, R. M.
Yandrofski, L. Krusin-Elbaum, F. H. Holtzberg, T. R.
Dinger, and G. V. Chandrashekhar, Cryogenics 29, 258
(1989).

S. M. Green, C. J. Lobb, and R. L. Greene, IEEE Trans.
Magn. 27, 1061 (1991).
J. B.Shi, B.S. Chiou, P. L. Kuo, and H. C. Ku, Jpn. J. Appl.
Phys. 31, L461 (1992).
L. W. Lombardo, D. B. Mitzi, A. Kapitulnik, and A. Leone,
Phys. Rev. B 46, 5615 (1992).
K. Kadowaki and T. Mochiku, Physica C 195, 127 (1992).
L. Civale, A. D. Marwick, T. K. Worthington, M. A. Kirk, J.
R. Thompson, L. Krusin-Elbaum, Y. Sun, J. R. Clem, and F.
Holtzberg, Phys. Rev. Lett. 67, 648 (1991).

' W. Kritscha, F. M. Sauerzopf, H. W. Weber, G. W. Crabtree,
Y. C. Chang, and P. Z. Jiang, Europhys. Lett. 12, 179 (1990).
J.D. Hettinger, A. G. Swanson, W. J. Skocpol, J. S. Brooks, J.
M. Graybeal, P. M. Mankiewich, R. E. Howard, B. L.
Straughn, and E. G. Burkhardt, Phys. Rev. Lett. 62, 2044
(1989).
T. Nishizaki, T. Aomine, I. Fujii, K. Yamamoto, S. Yoshii, T.
Terashima, and Y. Bando, Physica C 181,223 (1991).
T. Nojima and T. Fujita, Physica C 178, 140 (1991).
H. Yamasaki, K. Endo, S. Kosaka, M. Umeda, S. Yoshida,
and K. Kajimura, Phys. Rev. Lett. 70, 3331 (1993).
K. Endo, H. Yamasaki, S. Misawa, S. Yoshida, and K. Ka-
jimura, Nature (London) 355, 327 (1992).
H. Yamasaki, K. Endo, Y. Nakagawa, M. Umeda, S. Kosaka,
S. Misawa, S. Yoshida, and K. Kajimura, J. Appl. Phys. 72,
2951 (1992).
H. Yamasaki, K. Endo, S. Kosaka, M. Umeda, S. Misawa, S.
Yoshida, and K. Kajimura, IEEE Trans. Appl. Supercond. 3,
1536 (1993).

T. T. M. Palstra, B. Batlogg, L. F. Schneemeyer, and J. V.
Waszczak, Phys. Rev. Lett. 61, 1662 (1988).
J. T. Kucera, T. P. Orlando, G. Virshup, and J. N. Eckstein,
Phys. Rev. B46, 11004 (1992).

The p(B, T) data were taken with small J=2.5X10 A/m~,
and essentially the same p-T curve was also obtained using a
smaller current density, when B)0. The resistivity has been
measured in the linear portion of the J-E characteristic, and
the calculated Uo is for the limit J=0.



6918 H. YAMASAKI et ai,.

2~S. Zhu, D. K. Christen, C. E. Klabunde, J. R. Thompson, E.
C. Jones, R. Feenstra, D. H. Lowndes, and D. P. Norton,
Phys. Rev. B 46, 5576 (1992).

V. Geshkenbein, A. Larkin, M. Feigel'man, and V. Vinokur,
Physica C 162-164, 239 (1989);see also a review in Ref. 23.

27V. G. Kogan, Phys. Rev. B 24, 1572 (1981).
~SV. M. Vinokur, M. U. Feigel'man, V. B. Geshkenbein, and A.

I. Larkin, Phys. Rev. Lett. 65, 259 (1990).
~9Q. Li, M. Suenaga, J. Gohng, D. K. Finnemore, T. Hikata,

and K. Sato, Phys. Rev. B 46, 3195 (1992).
Z. Hao, J. R. Clem, M. W. McElfresh, L. Civale, A. P.
Malozemoff, and F. Holtzberg, Phys. Rev. B 43, 2844 (1991);
Z. Hao and J.R. Clem, Phys. Rev. Lett. 67, 2371 (1991).

'A. Schilling, F. Hulliger, and H. R. Ott, Z. Phys. B 82, 9
(1991).
D. E. Farrel, 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).
R. Kleiner, F. Steinmeyer, G. Kunkel, and P. Muller, Phys.
Rev. Lett. 68, 2394 (1992).
M. Tachiki and S. Takahashi, Solid State Commun. 70, 291
(1989);72, 1083 (1989).
P. Schmitt, P. Kummeth, L. Schultz, and G. Saemann-
Ischenko, Phys. Rev. Lett. 67, 267 (1991).
T. Koyama, N. Takezawa, Y. Naruse, and M. Tachiki, Physi-
ca C 194, 20 (1992).
P. H. Kes, J. Aarts, V. M. Vinokur, and C. J. van der Beck,
Phys. Rev. Lett. 64, 1063 (1990).
H. Yamasaki, K. Endo, S. Kosaka, M. Umeda, S. Yoshida,

and K. Kajimura (unpublished).
C. Dekker, P. J. M. Woltgens, R. H. Koch, B. W. Hussey,
and A. Gupta, Phys. Rev. Lett. 69, 2717 (1992).

~L. Klein, E. R. Yacoby, Y. Yeshurun, M. Konczykowski, and
K. Kishio, Phys. Rev. B 48, 3523 (1993).

4~P. W. Anderson, Phys. Rev. Lett. 9, 309 (1962); P. W. Ander-
son and Y. B.Kim, Rev. Mod. Phys. 36, 39 (1964).
M. R. Beasley, R. Labusch, and W. W. Webb, Phys. Rev. 181,
682 (1969).
M. Tinkahm, Introduction to Superconduetiuity (McGraw-
Hill, New York, 1975), p. 175.

~R. Griessen, Physica C 172, 441 (1991).
~ P. H. Kes, J. Aarts, J. van den Berg, C. J. van der Beck, and J.

A. Mydosh, Supercond. Sci. Technol. 1, 242 (1989).
4sThe +8 vs 1/T plot of Ref. 3 shows positive curvature,

which can be attributed to the enhanced Uo at low tempera-
tures, as shown in the inset of Fig. 2.

47T. W. Krause, A.-C. Shi, and W. R. Datars, Physica C 205, 99
(1993).
H. Safar, C. Duran, J. Guimpel, L. Civale, J. Luzuriaga, E.
Rodriguez, F. de la Cruz, C. Fainstein, L. F. Schneemeyer,
and J. V. Waszczak, Phys. Rev. B 40, 7380 (1989).
H. Pastoriza, F. de la Cruz, D. B. Mitzi, and A. Kapitulnik,
Phys. Rev. B 46, 9278 (1992).

50H. Safar, P. L. Gammel, D. J. Bishop, D. B.Mitzi, and A. Ka-
pitulnik, Phys. Rev. Lett. 68, 2672 (1992).

5'C. Wang, H.-L. Chang, J.-Y. Juang, Y.-S. Gou, and T.-M.
Uen, Jpn. J. Appl. Phys. 31, L1054 (1992).


