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Interlayer Coupling and Superconducting Critical Temperature of Bi2Sr1.5La0.5CuO61d
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The c-axis interlayer coupling of Bi2Sr1.5La0.5CuO61d and Bi2Sr2CaCu2O81d single crystals was
changed by means of hydrostatic pressureP , 1 GPa resulting in a drastic increase of thec-axis critical
currentIc (up to 270% GPa21) and decrease of the normal state resistanceRn (down to260% GPa21).
The superconducting critical temperature only slightly increases with a rate ofø2% 6% GPa21. The
much stronger effect of pressure onIc and Rn in Bi2Sr1.5La0.5CuO61d implies that the CuO-interlayer
coupling has little effect onTc in this compound. [S0031-9007(99)08906-1]

PACS numbers: 74.60.Jg, 74.62.Fj, 74.72.Hs
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The interlayer tunneling (ILT) model developed by An
derson and collaborators is one of the leading candida
for explaining high-temperature superconductivity [1].
this model, the energy gain that drives the formation of
pairs is associated with a decrease of the kinetic ene
due to the easy motion of the pairs accompanied by
impeded single-particle tunneling along thec axis. The
model in its current version predicts an increase of
condensation energyEc proportionally to the interlayer
Josephson couplingt2

', or to the inverse square of th
c-axis penetration depthlc. A conclusive experimenta
check of this prediction for different single-layer high-Tc

materials would provide a critical test of the ILT mode
Practically,Ec and lc are rather difficult to measure di
rectly on one and the same specimen, and one has to c
pare results obtained on different samples and someti
from indirect measurements. A large sample-to-sam
variation common to the majority of high-Tc materials
can, thus, make the comparison meaningless.

Recently, a Tl-based single-layer compound Tl2Ba2-
CuO61d (Tl-2201) has been a subject of intensive expe
mental investigations [2,3]. In direct measurements oflc

using scanning SQUID microscopy, it was unambiguou
shown that thec-axis penetration depthlc in Tl-2201 is
at least 1 order of magnitude larger than it has been
culated theoretically within the ILT model. This discrep
ancy has also been acknowledged by Anderson [4]. Up
now, the Tl-2201 compound is, however, the only exce
tion among other well-characterized single-layer materia
such assLa,Srd2CuO4 (La-214) or HgCa2CuO4 (Hg-1201)
which show a more of less satisfactory agreement with
ILT model [5].

Here, we report on thec-axis critical currentIc (as a
direct measure of the interlayer coupling) and its corre
tion to the superconducting critical temperatureTc (as a
48 0031-9007y99y82(15)y3148(4)$15.00
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measure of the condensation energy) of a Bi-based sin
layer compound Bi2sSr1.5La0.5dCuO61d (Bi-2201), and its
double-layer ally, Bi2Sr2CaCu2O81d (Bi-2212). We use
hydrostatic pressureP # 1 GPa as a tool to alter the in
terlayer coupling in the single crystals. We observed t
while the interlayer couplingsIcd increases dramaticall
with pressure (up to270% GPa21), the critical tempera-
ture only slightly increases at a rate of2% 6% GPa21.
These incommensurate effects of pressure suggest tha
CuO-interlayer coupling has little effect onTc of the Bi
compounds, in contrast to the ILT model.

To study thec-axis transport properties, we used
technique of making small mesas with typical areas
200 600 mm2 and heights,200 Å on the surfaces of Bi-
2201 and Bi-2212 single crystals [6]. Several electri
contacts on top of every mesa allowed us to perform fo
probe measurements of thec-axis superconducting an
normal state transport properties.

Hydrostatic pressure up to 1 GPa was applied in a c
mon piston-cylinder-type high pressure chamber with a
mixture of kerosene and light-fraction oil as a pressu
transmitting medium. Such a mixture has been pro
to preserve the hydrostatic properties during cooling
The pressure was deduced from the change with pres
of the resistanceRm of a manganin wiresd ln RmydP ø
2.5% GPa21d at T ­ 293, 77, and 4.2 K.

It has been established that Bi-2212 single crys
can be viewed as one-dimensional (1D) series array
intrinsic Josephson junctions (IJJ) [8]. Atomic-scale
are presumably formed by the CuO bilayers (3 Å thic
acting as planar superconducting electrodes and po
conducting BiO and SrO layers acting as barrier lay
of a thickness of 12 Å [8]. Thus, a 150 Å high me
consists of ten intrinsic Josephson junctions in a ser
They show up as different branches in the current-volt
© 1999 The American Physical Society
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sI-V d characteristics, each corresponding to one, t
three, etc. IJJ subsequently switching to the quasipar
state as the bias current exceeds the corresponding cr
current [8,9].

Typical I-V characteristics of a stack of ten Bi-221
IJJ, at two pressures, are represented in Fig. 1(a). O
two out of ten branches are shown. The characteristics
highly hysteretic, which is typical for a superconducto
insulator-superconductor-type of Josephson junction.
strong effect of pressure is also seen in Fig. 1(a).Ic

nearly doubles atP ­ 0.8 GPa. Such an observatio
seems to be missing in the literature [10].

Our Bi-2201 samples also show hysteretic mu
branchedI-V characteristics in thec-axis direction; see
Fig. 1(b). This is the first direct observation of the intri
sic Josephson effect in single-layer Bi-2201. There
several closely spaced sub-branches in place of usu
well-defined individual branches ofI-V characteristics of
Bi-2212 IJJ. Switching between the sub-branches ta
place stochastically and it is hard to trace them individ
ally. This may be due to more pronounced charging [
and nonequilibrium effects, since the effective thickne
of planar “electrodes” of IJJ in Bi-2201 is much small
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FIG. 1. Typical multibranchI-V characteristics of two stack
of intrinsic Josephson junctions at the two pressures indica
in the panels. (a) Bi-2212: Area of junctions is600 mm2.
Two out of ten branches atP ­ 0 and 0.8 GPa are shown
(b) Bi-2201: Area of junctions is450 mm2. Note that the
individual branches are not as well developed as in
2212. The characteristics are shifted along the voltage axi
(a) 50 mV and (b) 2 mV for clarity.
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than in Bi-2212. A detailed study of this issue is to b
published elsewhere. Of most significance for the pres
experiments, though, is the presence of a zero-volt
state with a well-defined critical current, characterizi
the c-axis interlayer coupling in Bi-2201. In Fig. 1(b), i
is seen that thec-axis critical current of Bi-2201 increase
more than 2 times atP ­ 0.85 GPa andT ­ 4.2 K.

Figures 2(a) and 2(c) show the temperature depende
of Ic at different pressures.Ic drastically increases
with pressure at all temperatures. The relative cha
of Ic with pressure,SI ­ 1yIcs0ddIcsPdydP is about
120% GPa21 for Bi-2212, and270% GPa21 for Bi-2201
at 4.2 K. There are small “glitches” in theIcsT d curves
for Bi-2212; see Fig. 2(a). These may qualitatively
explained by a presence of different configurations
Josephson vortices in stacks of coupled IJJ [12].

Figures 2(b) and 2(d) show the temperature depende
of the c-axis normal state resistanceRn. Data were
taken at different pressures, determined at 77 K for
2212 and at 4.2 K for Bi-2201. The change of pressu
upon cooling from room temperature down toT ­ 77 K
has not been taken into account. The relative cha
of Rn for Bi-2212, SR ­ 21yRns0ddRnsPdydP, was
estimated to be about60% GPa21 at T ­ 90 K and is
decreasingwith increasing temperature, which differ
from the experiments by Forróet al. [13]. For Bi-2201,

FIG. 2. Temperature dependences of [(a),(c)] thec-axis criti-
cal currentIc and [(b),(d)] the normal state resistanceRn at
different pressures for Bi-2212 [(a),(b)] and Bi-2201 [(c),(d
Solid lines are guides for the eye.
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a correct estimate is difficult to obtain correctly
RnsPd is nonmonotonic at low pressure. The dashed
corresponds to the last measurement, when the pres
was finally released from 0.8 down to 0.04 GPa.
lies below the solid curves corresponding to 0.21 a
0.37 GPa. The reason for this needs more study [
At high pressures,SRsP!0.8 GPad can be estimated to b
,50% GPa21; see Fig. 2(d).

The pressure dependence ofRn of a common metal is
usually explained by a change in the Debye tempera
with pressure [15]. The same effect of pressure-indu
stiffening of the crystal lattice is responsible for thede-
creaseof Tc with pressure for common-metal superco
ductors, like Al, In, Tl, and Sn. In contrast, the high-Tc

compounds show much larger effects of pressure on t
normal state resistances. This is hard to explain me
by changes in the phonon system. For example, com
dsln RdydP ø 21.9% GPa21 for copper with the above
mentionedSR , 260% GPa21 for Bi-2212.

It is widely accepted that holes created in the tw
dimensional CuO2 planes through electron transfer to t
charge reservoirs are responsible for superconductivit
the cuprate superconductors [16]. Pressure may a
the charge transfer, resulting in a change of the h
concentration and an increase ofTc. However, the
pressure experiments by Sieburgeret al. on Bi-2212
samples with different oxygen content have shown t
the increase ofTc is almost the same for all sample
underdoped, optimally doped, and overdoped [17]. T
observation clearly indicates that it is impossible
explain the increase ofTc with pressure by a change
carrier concentration only.

In the ILT model, it is the interlayer coupling whic
dictates the superconducting transition temperature.
would explain the increase ofTc with pressure, since th
hydrostatic pressure, in general, is expected to incre
the interlayer coupling. From the experiment on sing
layer Bi-2201 we see that the superconducting crit
current, which we believe reflects the interlayer coupli
increases about 2 orders of magnitude faster thanTc; see
Fig. 3 [18]. This implies thatTc in Bi-2201 does not
correlate with the interlayer coupling, in contrast to t
ILT model.

In Bi-2212 though, one has to distinguish the interla
coupling within the block of the CuO-Ca-CuO layers (i
trablock coupling) and the (cell-to-cell) coupling betwe
these blocks across BiO layers (interblock coupling). T
c-axis critical current is determined by the weakest of
two, most likely by the interblock coupling, while it i
the intrablock coupling which determines highTc in the
ILT model. This does not allow one to make certain co
clusions on the validity of the ILT model in Bi-2212 [19

Even for the single-layer “2201” compounds, the
exists another hypothetical explanation of the res
obtained. If the BiO(TlO) layers were superconducti
[9], the pairs formed in the CuO planes would have a
3150
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FIG. 3. The pressure dependence of the superconduc
critical temperatureTc. The midpoints of the transition curve
RnsTd have been adopted asTc ’s. The zero-pressure transitio
temperatures were 88.4 and 8.2 K for Bi-2212 and Bi-22
respectively. Dashed lines are guides for the eye.

change to escape to the former layers thus providing s
saving of the kinetic energy, and making the coupli
between adjacent BiO(TlO) and CuO layers respons
for high Tc in the ILT model. Furthermore, if the
c-axis critical current (and hence,lc) were dictated by
the bottleneck of the likely weak BiO(TlO)-to-BiO(TlO
coupling, the experimentally measuredIc and lc would
not have probed the “active” coupling. This wou
explain the difference between the 2201-compounds,
the Hg-1201yLa-214 systems, which have no “doubling
of blocking layers, and where the ILT model seems
work [5]. The “negative” for the ILT model results of ou
present study and experiments of Refs. [2,3] may turn
to be not as conclusive as they seemed to be. Howe
this purely speculative suggestion needs more study.

In conclusion we have experimentally demonstra
that the interlayer coupling in Bi-2201 and Bi-221
single crystals may be drastically increased by apply
hydrostatic pressure. A relatively small change ofTc with
pressure in Bi-2201 suggests that the interlayer coup
has little effect onTc in the Bi system.
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