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High-magnetic-field transport properties of Bi&Sr&CaCuzos single crystals
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We have measured the high-magnetic-field dependences (up to 18 T) of the in-plane and out-
of-plane transport properties of Bi&sr2CaCu&Os (Bi-2:2:1:2)single crystals. From I Vcurv-es of
c-axis transport are extract the magnetic Geld and temperature dependences of the interlayer critical
current and define a decoupling line Ho(T) above which J...vanishes. The temperature dependence
of J...supports a Srst-order decoupling transition. The decoupling line lies close to the irreversibility
line in the Seld interval 0.5—5 T. The Geld dependence of the in-plane vortex activation energy is

~—0.5+0.1

It is well established that in high-T, superconductors
nondissipative currents along Cu02 layers exist below
the irreversibility line H~„(T).i 2 This line separates the
states with pinned vortices and a nonzero critical cur-
rent density J, s(B) &om those with mobile unpinned
vortices. In contrast, the corresponding information con-
cerning the critical current along the c axis, J, ,(B), in
6elds B parallel to the c axis has not been mell estab-
lished, nor has the existence and nature of the decou-
pling line HD(T), which separates the superconducting
and dissipative states for interlayer currents.

One expects that the mechanisms of dissipation for
currents along layers and for interlayer currents are dras-
tically difFerent in highly anisotropic materials. For in-
tralayer currents, it is the motion of pancake vortices un-
der the efFect of a Lorentz force, whereas in the case of in-
terlayer currents with B

~~
c (the so-called Lorentz-force-

free configuration), the limitation on the critical current
is imposed by its Josephson nature. ' It was shown pre-
viously that these difFerent mechanisms result in distinct
behaviors of the resistivity p in the dissipative states, 5

above H;„(T) and HD(T). In the Bi-2:2:1:2supercon-
ductor, p g monotonically increases with T, as described
by fIux-fIow or fIux-creep models, above H;„, while p,
has a pronounced peak at a certain point Tp(B) which
shifts to lower temperature with increasing B. A recent
study of transport along the c axis of Bi-2:2:1:2in zero
magnetic 6eld has shown strong evidence for a model of
stacked, multilayer Josephson junctions.

Briceno et al. and Gray and Kim described this peak
in p, as originating from two competing conductances:
incoherent (dissipative) Cooper pair tunneling (coherent
tunneling being suppressed by the magnetic field) and
quasiparticle tunneling between layers, suppressed by the
superconducting gap below T, (and, possibly, suppressed
by an activation gap for normal carriers at temperatures
below 300 K). A study of the magnetic field dependence

of p, in synthetic MoGe/Ge multilayerss also suggested
decoupling of layers with respect to applied magnetic
field and temperature.

Suppression of the coherent Josephson current by an
applied magnetic field B

~~
c was explained previously '

by a loss of phase coherence of the superconducting order
parameters in neighboring layers induced by thermal dis-
placements of the pancake vortices from their equilibrium
positions. Complete decoupling of layers with respect to
the Josephson interaction was predicted to occur at a
phase transition line HD(T) lying above the irreversibil-
ity line by Daemen et al.

In the following we present experimental data which
address issues about the Geld and temperature depen-
dence of the interlayer critical current density J „the
interplay of the decoupling line H~(T), and the irre-
versibility line H;„(T), the character of the decoupling
transition and the behavior of p, above the decoupling
line. For these purposes we have measured the I-V char-
acteristics for currents along ab planes and along the c
axis in fields B

~~
c up to 18 T. We also present data on

p, (T) and p s(T) over the same field range.
For this experiment, me used two single crystals with

0.925 x 0.45 x 0.00889 mm for c-axis currents and, with
1 x 0.28 x 0.0076 mm dimensions for in-plane currents,
with T 85 K and 87 K, respectively. The contacts
were made using silver paste by curing 12 h in air at 500—
600 'C and subsequently quenching to room temperature.
The current contacts covered most of the tmo crystal ab-
plane faces for a uniform c-axis current density, and, for
the in-plane currents, the current contacts covered the
sides of the crystal to ensure a uniform in-plane current
density. The measurements were done with a standard
four-contact method using both ac and dc currents. For
p in high magnetic 6eld, the excitation current for the ac
bridge was 30 pA. We checked the current dependence of
the resistivity, and it gave identical results for currents
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up to 1 mA in either orientation. The high-magnetic-
field measurements were taken in an Oxford 20 T super-
conducting magnet at the National High Magnetic Field
Laboratory (NHMFL) at Los Alamos National Labora-
tory.

The critical current density along the c axis, J, „with
B

~~
c was determined from I Vc-haracteristics by choos-

ing the current at which the voltage deviated from the
background level by 1 nV in the transition to a resistive
state. At zero magnetic 6eld, we observed the critical cur-
rent densities 24 A/cm2 and 7.25 A/cm2 at T = 82
K and 84 K, respectively, showing approximately linear
dependence of J, , on (T, —T). At 84 K, the I Vcur-ve
shows a hysteretic behavior, indicating characteristics of
a well-coupled series of hysteretic Josephson junctions.

The typical I Vcurv-es for difFerent T at H = 4 T
are shown in Fig. 1(a) (the I Vchar-acteristics for difFer-

ent fields are similar). At low temperatures, T ( 30 K,
the voltage remains very low with current density up to

14.5 A/cm; then there is a jump to the resistive state.
The magnitude of this jump increases with magnetic Geld

(not shown here). A nonvanishing critical current is ob-
served in this low-temperature range for B & 7 T. At
temperatures above 30 K the I-V curves are Ohmic at
low currents, as shown in the inset of Fig. 1(a). And be-

low the temperature T~, where p reaches a maximum for
a given field (see Fig. 3), they show concave-type behav-
ior, and then saturation above TI (which may be caused
by the Joule heating of the crystal).

In Fig. 1(b), we plot J, , vs T at various magnetic
fields. As shown in the figure, there exists a sudden
decrease of critical current with respect to temperature
and magnetic field, possibly indicating a first-order phase
transition. At temperatures below 30 K the critical cur-
rent is strongly suppressed by the magnetic field. The
critical current also exhibits a reentrant behavior with re-
spect to temperature at high magnetic field as previously
reported by Rodriguez et a/. In this low-temperature
range, the I-V curves show three regimes: a zero re-
sistance region, a small linear increase of the voltage
with increasing current (only observed in a high mag-
netic fields), and an abrupt jump of voltage, signaling
the transition to the resistive state.

Based on the data presented in Fig. 1(b), we define

HD(T) as the field (temperature) below which the criti-
cal current J, , becomes nonzero (with our criterion 1

nV). Extrapolations of the data in Fig. 1(b) to J, , = 0
introduce a maximum error 2 K, the interval of measure-
rnents, and is re6ected in the error bars shown in Fig. 2.
The decoupling line HD(T) is shown in Fig. 2 with the
irreversibility line as obtained by Schilling et al. , as well
as one obtained in our crystal for comparison. We can
see that these lines follow a similar functional dependence
and are close, suggesting a relation between depinning in
the ab plane and the decoupling along the c axis, which
will be discussed below.

Figures 3 and 4 show the temperature dependence of
the c-axis and ab-plane resistivities in di8'erent fields.
Above the peak temperature (Tp), no c-axis magne-
toresistance is observable in this field range. Tp is ob-
served to decrease more rapidly as a function of B at
low B. The temperature dependence of p, here can be
described approximately by p, exp(200/T). The slope
of the resistivity vs T below T~ becomes sharper with
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FIG. 1. (a) c-axis I Vcharacteristic-s at B = 4 T. Those
above 30 K are shown by thin solid curves, 5-K interval from
top to bottom at the right side. I-V characteristics below 30
K are shown by thick solid curves. (O) 6 K, (CI) 10 K, ((&)
14 K, (x) 18 K, (+) 22 K, and (D) 26 K. Inset shows the
I-V curves on logarithmic scales at 30 K and at various mag-
netic fields. (b) Critical current density J, , vs temperature
at diferent Gelds.
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FIG. 2. The decoupling line Hn(T) as defined in the
text, the irreversibility line taken from Ref. 2, and the irre-

versibility line obtained from the temperature dependence of
zero-field-cooled and Geld-cooled magnetization at each Geld

where the criterion for the in-plane critical current density at
the irreversibility line is 30 A/cm .
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FIG. 3. The c-axis resistivity vs temperature in diferent
magnetic fields. FIG. 4. In-plane resistivity vs T for diferent fields.

increasing magnetic field in contrast to the behavior of
p ~, where, at low temperature, higher magnetic fields
broaden the transition. At low temperatures p, (T, B) fol-

lows p, exp( —Uo, /T). The activation energy Uo, (B)
is of the order 700 K at B = 1 T and decreases slowly
with field, Ue, ,(B) oc B

In contrast to some previous results, Fig. 4 shows
no low-temperature bumps in p s(T).5'io'ii We believe
that this is due to our introduction of current into the
sides of the crystal. Previous experiments with cur-
rent and voltage leads on top (or bottom) mix some p,
into the p i, results. i The effective magnetic field de-
pendence of the activation energy for B

~~
c, derived

Rom —d(lnR i,)/d(1/T), is approximately proportional
to B + . This field dependence has also been ob-
served experimentally in epitaxial Bi2Sr2Ca2Cu30 thin
films. ~3

In the following, we discuss the obtained results. First,
the value of the zero temperature critical current den-

sity in zero field extrapolated &om the data near T, is
J... 200 A/cm2, where this value is very similar to
the data4 for Ar-annealed samples. Using the expres-
sion J, , = @ec/8vrzA spzs for Josephson-coupled lay-
ered superconductorsi4 where s is the CuOz interlayer
distance, we obtain p = gm, /m s 1000 near T„ tak
ing the London penetration depth A s(0) = 2000 A. This
value of p is in rough agreement with recent estimates
from irreversibility line position [p 370 (Ref. 2)] and
torque measurements [p & 200 (Ref. 15)]. This provides
some indication that the obtained values of J corre-
spond to intrinsic interlayer Josephson critical current
and not to the existence of Josephson junctions due to
cracks or "bad" layers in the sample.

The next question is about the position of the decou-
pling line (determined by the sharp drop of the criti-
cal current) with respect to the irreversibility line. Our
data show that both lines are almost vertical and par-
allel each other in fields above 3 T and the decou-
pling line is shifted = 8 K to higher temperatures. We
note that there are strong arguments for the coinci-
dence of the irreversibility line with the melting line of
the vortex lattice for a weak pinning. This weak field
dependence of the irreversibility line on high magnetic

fields favors an almost two-dimensional (2D) Kosterlitz-
Thouless-type character of the melting transition with

kBT~ = (1/Sz'~3)4'os/16'' A s 15 K for A s

2000 A, is showing a good agreement with the Bi-2:2:1:2
irreversibility line position. This character of the melting
close to 2D for Bi-2:2:1:2was also obtained in numerical
simulations done by Doniach, Ryu, and Kapitulniki for

high magnetic fields. It was shown s'i~ that in 2D sys-

tems the melting occurs in two steps: At T, the posi-
tional ordering of the vortices is lost but the orientational
order remains, while at slightly higher temperature Tq

[shifted by (8—10) K with respect to T according to
the numerical results ], the orientational order is lost.
At T & Th a completely random liquid phme is reahzed.
Our high-field data show that the decoupling (defined
as the vanishing of J, ,) occurs above the irreversibility
line; i.e., some correlations in pancake positions in neigh-
boring layers remain in the hexatic phase if we associate
the irreversibility line with the melting line. Then the
correlations should be lost certainly at TI„and we can
speculate that T~ coincides with Ti, at high fields, in the
almost 2D regime. The low-field regime was explored
by de la Cruz et al, rs where TD (determined by a peak
in the resistive component of the ac susceptibility) was
found to lie below T

Thus, at TD where the correlation along the c axis
is lost and T & T&(H), only the dissipative incoher-
ent tunneling of Cooper pairs survives, in combination
with quasiparticle tun~cling at temperatures up to Tp,
while at higher T only the quasiparticle tunneling re-
mains effective.

The I-V curves at temperatures above the decoupling
line but below TI show some resemblance to the I-
V characteristics of the dc Josephson effect in a sin-
gle Josephson junction as described by Ambegaokar and
Halperin, ~o where the voltage below the superconducting
gap is generated by thermal Buctuations of the phase.
Briceno et al. and Gray and Kims noticed that a qual-
itative description of the incoherent Cooper tunneling
above the decoupling line in Bi-2:2:1:2single crystals can
be achieved by using the Ambegaokar-Halperin expres-
sion for the corresponding conductivity, but replacing the
junction area by the area occupied by a single vortex,
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B/4a. Such an ansatz resembles the effect of vortex fluc-
tuations, taking into account properly the dependence on
vortex concentration. We found that this description is
inadequate, especially in high fields, since it predicts an
activation energy behavior Uo, (B) oc 1/B and transi-
tions to the nondissipative state which broaden below
TJ with increasing magnetic field in contradiction to the
data presented in Fig. 3. We believe that a more accu-
rate description should include explicitly the slippage of
phase between layers caused by thermal fluctuations of
pancakes.

Below the decoupling line, the critical current density
J, , diminishes with increasing field with a tendency to
saturate above 7 T. Note that the critical current at 7 T
is suppressed 50 times in comparison with the zero field
critical current extrapolated from the high-temperature
region. In the region below H~(T) pancakes are pinned,
and distortions of pancakes from their straight line po-
sitions are caused by the pinning centers in combination
with thermal and quantum fiuctuations. In Bi-2:2:1:2
this effect is not very strong, and this may explain the
existence of substantial values of J, , at high 8 below the
decoupling line in Bi-2:2:1:2single crystals with relatively
weak disorder. Note the intriguing reentrant behavior of
the critical current as a function of T in this region. It
indicates the nontrivial interplay of the effects of pinning
and, as well, of thermal +quantum fluctuations in this
vortex state. A similar reentrant behavior due to ther-
mal fiuctuations in underdamped small single Josephson
junctions has been observed.

In the I Vcurves -shown in Fig. 1(a) jumps in volt-
age Vo up to 90 mV are clearly seen. The jumps with
Vo smaller than —50 mV, seen below the decoupling

line, can be attributed to transitions between states dom-
inated by incoherent Cooper tunnehng (low and high re-
sistive states). Bigger jumps seen above the decoupling
line may be explained by transitions from states with
incoherent Cooper tunneling to states with only quasi-
particle tunneling. Such a transition in a single junction
should be accompanied by a jump Vo ——2A/e, where
4 is the superconducting gap. In Bi-2:2:1:2,Vo is esti-
mated as = 50 mV using the relation 2A —6k~T, . Note
that a series of similar jumps was observed by Kleiner
and Miiller4 at B = 0, but with a smaller ratio eVo/26.
They explained the small ratio by gap reduction caused
by quasiparticle injection. In our case, the current den-
sities, at which jumps are observed, are about 6 times
smaller and the gap may be close to the nominal value.

To summarize, we measured the I-V characteristics for
the in-plane and the out-of-plane currents in strong fields
B

~~
c. We found a decoupling line that separates nondis-

sipative and resistive states for interlayer currents. It lies
slightly above the irreversibility line, and the tempera-
ture dependence of J, supports the idea of a first-order
decoupling phase transition. We invoke the Josephson-
coupled model and vortex fIuctuation picture to explain
qualitatively the results obtained for c-axis current trans-
port.
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