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Relationship between the Out-Of-Plane Resistance and the Subgap Resistance
of Intrinsic Josephson Junctions inBi2Sr2CaCu2O81d
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We have experimentally demonstrated that thec-axis magnetoresistance peak effect is determined by
the subgap resistance of intrinsic Josephson junctions in Bi2Sr2CaCu2O81d (Bi2212). Given a Bi2212
single crystal, the effect may be predicted from thec-axis current-voltage (I-V ) characteristics inzero
magnetic field. At high magnetic fieldH, the I-V characteristics preserve their overall nonlinear shape
at the transition temperatureTcsHd # Tcs0d suggesting a smooth change of the vortex system with
temperature. Observation of the gap feature belowTcs0d at all m0H # 7 T means that the upper
critical field is not attained at these fields. [S0031-9007(97)04867-9]

PACS numbers: 74.50.+r, 74.60.Ge, 74.72.Hs
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For the most anisotropic cuprate superconductors,
temperature dependence of the out-of-plane (c-axis) resis-
tance is very much different from the in-plane (a- or b-
axis) dependence. Above the superconducting transi
temperatureTcs0d, the in-plane resistance usually show
a linear increase with temperature. For the out-of-pla
resistance, however, there is a large peak in the re
tance, just aboveTcs0d. Measurements of thec-axis mag-
netoresistance have revealed that the peak in resist
increased in magnitude with field and the zero resista
state moved to lower temperature [1].

Several models for thec-axis magnetoresistance pea
effect were suggested [1–3]. An initial explanation
the peak by 1D (one dimensional) phase slippage [1]
not been able to explain the empirical “semiconductin
behavior of the normal state above the peak.

The fluctuation theory suggests a negative contribut
to the c-axis conductivity associated with the fluctuatio
decrease of the quasiparticle density of states [2].
from the transition temperature the negative contribut
may prevail over the paraconductivity [2]. This ca
explain a relatively small resistance increase, obser
in several experiments [2]. However, the reported mu
larger increase in thec-axis resistance [4] is difficult to
understand from fluctuations only [5].

The high-temperature superconducting (HTS) mater
are composed of one or several superconducting C
planes embedded in insulating, semiconducting,
semimetallic charge reservoirs. The most anisotro
HTS compounds may thus be modeled as stacks
Josephson junctions with superconducting electrodes
Cu-O planes, which are weakly coupled through t
intermediate layers [6]. Several observations of t
Josephson effects in Bi2Sr2CaCu2O81d (Bi2212) and
Tl2Ba2Ca2Cu3O101d now strongly favor this model [7].
The c-axis conduction in Bi2212 is then a conductio
of the series array of such intrinsic Josephson junctio
(IJJ) [3]. The conduction of an unshunted Josephs
0031-9007y97y79(25)y5122(4)$10.00
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junction consists of the quasiparticle,Gq, and the pairGp

conductances, which have the opposite temperature
pendences. The competition between the two determi
the position in temperature and the magnitude of the p
in thec-axis resistance [3]. The role of the magnetic fie
resides in suppression ofGp and shifting the equilibrium
towards lower temperatures.

Although being conceptually simple, this model o
the c-axis magnetoresistance peak effect has not so
been experimentally checked. In the experiments, wh
the Josephson effects are directly seen, there were
measurements in magnetic field [7]. Likewise, thec-axis
transport experiments in the magnetic field [1,4,8–1
showed no clear evidence of the Josephson effects [
In fact, in the majority of similar works, the Josephso
nature of the interlayer coupling is simply taken fo
granted and, to our knowledge, no unique experimen
evidence has been given to relate these two phenomen

In this Letter we report on a direct correlation betwe
thec-axis tunneling properties and the magnetoresistan
strongly supporting the model proposed by Gray a
Kim [3].

Experimentally, in contrast to all previous studie
[1,4,8–10], we investigate only a few unit cell layer
(5–15) of low-height mesas patterned on the surface
a Bi2212 single crystal. Details of the fabrication proce
are published elsewhere [12]. Several electrical conta
on top of the mesas allowed us to perform four-pro
measurements.

The smallness of the single crystal volume under stu
significantly reduces the probability of having severe cry
tal lattice defects in it and allows us to observe what w
think is the unmasked genuine properties of the materi

Figure 1 shows a typicalI-V characteristic for one
of the investigated samples with a mesa area of20 3

30 mm2. There are nine branches seen in Fig. 1, ea
corresponding to one, two, etc., IJJ leaving the ze
voltage state as the current subsequently exceeds
© 1997 The American Physical Society
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FIG. 1. Typical I-V characteristic of a series array of IJJ
4.2 K in zero magnetic field.

critical currents for the first, second, etc., IJJ. From t
number of junctions in series, we judge that the me
is 135 Å high. The branches were traced in multip
sweeps of an ac bias currents f1 , 37 47 Hzd with a
100% amplitude modulations f2 , 3 11 Hzd.

The I-V characteristics are highly hysteretic, whic
is typical for Josephson tunnel junctions with larg
capacitances. The characteristic (gap) voltage,yg ­
2Dcye, for an individual IJJ is about 25 mV, which mean
that the c-axis superconducting energy gap parame
Dc ø 12 meV, about one half of the widely accepte
value [13]. The reason for the reduced value ofDc

may be a proximity induced superconductivity of th
intermediate Bi-O layers [14]. Then, what is seen
the experiment is the tunneling in between adjacent B
layers with a small induced superconducting gap, while
between Bi-O and Cu-O layers there is a strong proxim
coupling. This model may also explain the temperatu
dependence ofDc as well [14].

The temperature dependence of thec-axis resistance
RsT d measured with an ac (37 Hz) bias current de
sity of ø1 2 A cm22 using a common lock-in tech
nique is shown in Fig. 2 for different magnetic field
In our measurements, with a maximum available field
7 T, we have observed an enhancement in resistanc
,10 times; see the inset of Fig. 2, where the data e
tracted from similar experiments of Refs. [4,8,10] a
plotted along with our data for comparison. We think t
effect is larger for our samples mainly due to the sma
ness of the mesa sizes [11]. In favor of this speaks the
that single crystals of the same origin [15] were used b
in our experiments and in measurements of Ref. [10];
curvec in the inset of Fig. 2.

To check the model of Gray and Kim [3] we directl
determine the subgap resistanceRsg of the series array
of IJJ from our I-V characteristics. We will define
Rsg as the dynamic resistancesdVydIdV!0 of the last
branch of theI-V characteristics corresponding to a
t
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FIG. 2. The temperature dependence of the normalized re
tance,RsT dyR(160 K), of the stack tr24#10ss with 9 IJJ (se
Fig. 1) at different magnetic fields indicated for each curv
(closed symbols and lines), andRsTdyR(160 K) for another
sample in a zero magnetic field (open circles and dashed lin
The latter demonstrates thatRsTd may have a large increase
even in zero field. The inset shows the magnetic field depe
dence of the normalized maximal resistance,RmaxyR(120 K).
(a) Our data; (b) data from Ref. [4]; (c) data from Ref. [10]
(d) data from Ref. [8]. Straight lines are guides for the eye.

IJJ in the quasiparticle state [16]. Then, we compare
with the c-axis resistance in magnetic field. From th
model of Ref. [3] it follows that whatever the reaso
for the suppression of the pair conductance, thec-axis
resistance of an ideal layered high-Tc single crystal is
equal to the subgap resistancersg of an individual IJJ
at zero bias voltage times the number of such junction
Rsg ø Nrsg. In a simplified picture,rsg is determined by
both the quasiparticle and shunting normal conductan
Gn, rsg ­ sGn 1 Gqd21. At low enough temperature,Gq

freezes out and the subgap resistance is dominated
the presumably temperature independentGn. Thus, we
expect the magnetoresistance peak effect to saturate at
temperatures (high magnetic fields).

Figure 3 showsRsT d for two samples together with
the temperature dependences of the subgap resista
Rsg. It is clearly seen that within experimental accurac
RsT $ Tpd ø RsgsT d. This demonstrates the one-to-on
correlation between the two. HereTp is the temperature
corresponding to the maximum inRsT d. With decreasing
temperature,Rsg continues to increase and tends to lev
off at low temperature in full accordance with the above
mentioned picture, reaching a valueø50Rs160 Kd. A
comparable increase of resistance in pulse measurem
was also observed in Ref. [17]. The overall resistance
the stack, however, vanishes at the transition temperat
TcsHd, which was shown to be slightly higher than th
irreversibility temperature [4,8].

We note thatRsg is almost magnetic field independen
which means that the upper limit of the peak effect ca
5123
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FIG. 3. Resistance of the stackR (thin lines) and the subgap
resistanceRsg (open symbols and thick dotted lines) vers
temperature for two samples at different magnetic fiel
For the RsgsT d the different symbols correspond to differen
magnetic fields: (1) 0 T, (,) 21.2 T, (n) 22.3 T, (})
24.6 T, and (s) 26.9 T. For clarity, there is only oneRsTd
curve shown for the sample tr24#6l at 6.9 T.

be predicted directly from zero-field measurements of
I-V characteristics. The maximal magnetoresistanceRmax

cannot exceedRsg at the temperatureTpsHd correspond-
ing to the peak position, and is expected to saturate at
T p for high fields. This can also be seen in the inset
Fig. 2, where the data for higher fields have a tendency
saturate (curved). For our samples we estimate the max
mal effect atm0H , 20 30 T to be only a factor of 2
larger than presented here.

Closed symbols in Fig. 4 show theI-V characteristics of
sample tr24#6l (mesa area10 3 50 mm2), atm0H ø 7 T

FIG. 4. The change of theI-V characteristics with tempera
ture at m0H ø 7 T and high current (closed symbols). Th
zero-field curve is shown for comparison (open symbols). (
set) Low-bias parts of theI-V curves for the sample (shifted
along the current axis for clarity).
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and high bias current, when all IJJ in the stack are
the quasiparticle or normal tunneling state. The S-li
shape of theI-V curves possibly witness to self-heatin
or nonequilibrium effects at high currents. Recentl
Artemenko and Kobelkov have theoretically shown th
a difference between densities of electron- and holel
quasiparticles due to a nonuniform current distribution
superconductors with anisotropic pairing may also result
a negative differential conductivity at high voltages [18]

Whatever the reason of the negative dynamic cond
tance atI $ 3 mA, a well pronounced feature is clearly
seen at this current. We believe that it reflects the sup
conducting energy gap, which is then obviously nonze
at any magnetic field belowTcs0d. The zero-fieldI-V
curve (open symbols) is also shown in Fig. 4 to demo
strate that the magnetic field has little effect on th
gap [19].

This observation speaks against the attempt to ded
the upper critical fieldHc2 from c-axis magnetoresistance
measurements [10]. The empirical temperature depend
“background,” which was taken in Ref. [10] as the the
modynamical normal state is very likely to be just a qua
particle state of the intrinsic tunnel junctions with the
electrodes (Cu-O planes) still being superconducting.

The inset of Fig. 4 shows the zero bias region ofI-V
characteristics at different temperatures form0H ø 7 T,
slightly above and belowTp ø 50 K, and close to the
transition temperatureTcs7 Td ø 15 K. The closer to
TcsHd from above the more nonlinear behavior is se
in the I-V characteristics starting from almost linear a
T # Tcs0d. This change is smooth and does not have a
feature atTcsHd.

As is seen from a comparison of Figs. 4 and 1, t
critical currentIc at T ­ 4.2 K is suppressed by abou
2 orders of magnitude inm0H ø 7 T. At T ­ 20 K the
I-V characteristics tip out of vertical at zero bias ind
cating the presence of a nonzeroc-axis resistance. The
overall shape of theI-V curve at this temperature, how
ever, stays unchanged and resembles the one at low t
perature. At higher temperatures dissipation increas
and the nonlinearity of theI-V curves at zero bias gets
smoothed. As the temperature forT $ Tp increases to-
wardsTcs0d, the low-bias resistance of the stack asym
totically approachesRsg (see Fig. 3), which may therefore
be considered as an upper limit of resistance at a giv
magnetic field. The subgap conductance of a Joseph
tunnel junction slightly increases with perpendicular ma
netic field [20]. This may explain a small negativec-axis
magnetoresistance, which is often observed at a cons
temperatureT $ Tp [9]; see also Fig. 2.

In a layered anisotropic superconductor, vortex lin
consist of separate “pancakes,” which interact with ea
other magnetically and via interlayer currents. In the ca
of high anisotropy, the interaction is relatively weak, and
random potential of pinning centers may cause a displa
ment of pancakes from their straight alignment. The
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displacements suppress the phase coherence betwee
layers even atT ­ 0 [21]. From the fact that both the
in-plane and out-of-plane resistivities are characterized
the same value of thermal activation energy, it has be
concluded that the dissipation in both directions has t
same origin. In the case of strong disorder in the system
can be attributed to the diffusive motion of weakly pinne
mobile pancakes [22]. Our experiments seem to be co
sistent with such a model. The large suppression ofIc in
magnetic field may be due to the static-disorder-induc
wandering of pancakes, while the temperature depende
of the I-V characteristics may qualitatively be attribute
to the monotonic increase of the number of mobile pa
cakes with temperature.

Moreover, the fact that theI-V characteristics preserve
their nonlinear shapes far beyondTcsHd implies the ex-
istence of Josephson coupling in the rangeTcsHd # T ,

Tcs0d. This appears to be in agreement with recent m
crowave absorption resonance experiments [23]. The re
nance has been attributed to Josephson plasma oscillati
It may serve as a probe of maximal interlayer Josephs
coupling. The resonance was observed up to high tempe
tures close toTcs0d [23], which contradicts the theoretica
suggestion that the Josephson coupling should be stron
suppressed by thermal fluctuations of pancakes above
decoupling temperature [24]. However, Koshelev show
theoretically that the Josephson energy should be finite
any temperature belowTcs0d [25].

In summary, we have experimentally demonstrated th
the c-axis magnetoresistance is highly correlated wi
the subgap resistance of intrinsic Josephson junctions
Bi2212. Given a single crystal, the effect of magnet
field may be predicted from the zero-field measuremen
of the c-axis I-V characteristics. TheI-V characteristics
at high field do not change their overall shape in a wid
temperature range suggesting a smooth change of
vortex system even at a transition temperatureTcsHd ,

Tcs0d. The nonzero superconducting gap feature, whi
is seen belowTcs0d at all magnetic fields#7 T suggests
thatHc2sT d is not reached in our experiments.
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and to T. Andersson for lending us the 7 T magn
system. The work was supported by the Swedish S
perconductivity Consortium, the Royal Swedish Acad
emy of Sciences, and—in part—by the RFFI, Gra
No. 950204307a.
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