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The c-axis interlayer coupling of BB sLaysCuQs+s and BbSrCaCuyOgs single crystals was
changed by means of hydrostatic pressirel 1 GPa resulting in a drastic increase of thaxis critical
current/,. (up t0270% GPa'!) and decrease of the normal state resistatcédown to —60% GPa'l).
The superconducting critical temperature only slightly increases with a rat@@—6% GPa'. The
much stronger effect of pressure gnand R, in Bi,Sr sLaysCuQy, 5 implies that the CuO-interlayer
coupling has little effect o, in this compound. [S0031-9007(99)08906-1]

PACS numbers: 74.60.Jg, 74.62.Fj, 74.72.Hs

The interlayer tunneling (ILT) model developed by An- measure of the condensation energy) of a Bi-based single-
derson and collaborators is one of the leading candidatdayer compound BiSr, sLay5)CuQss (Bi-2201), and its
for explaining high-temperature superconductivity [1]. Indouble-layer ally, BiSr,CaCuyOg+s (Bi-2212). We use
this model, the energy gain that drives the formation of thénydrostatic pressur® = 1 GPa as a tool to alter the in-
pairs is associated with a decrease of the kinetic energigrlayer coupling in the single crystals. We observed that
due to the easy motion of the pairs accompanied by thehile the interlayer couplind/.) increases dramatically
impeded single-particle tunneling along theaxis. The with pressure (up t@70% GPa'), the critical tempera-
model in its current version predicts an increase of thdure only slightly increases at a rate 2f%—-6% GPa .
condensation energg. proportionally to the interlayer These incommensurate effects of pressure suggest that the
Josephson coupling’, or to the inverse square of the CuO-interlayer coupling has little effect dh. of the Bi
c-axis penetration depth.. A conclusive experimental compounds, in contrast to the ILT model.
check of this prediction for different single-layer hi@h- To study thec-axis transport properties, we used a
materials would provide a critical test of the ILT model. technique of making small mesas with typical areas of
Practically, E, and A, are rather difficult to measure di- 200-600 um? and heights<200 A on the surfaces of Bi-
rectly on one and the same specimen, and one has to cor2201 and Bi-2212 single crystals [6]. Several electrical
pare results obtained on different samples and sometime&®ntacts on top of every mesa allowed us to perform four-
from indirect measurements. A large sample-to-sampl@robe measurements of theaxis superconducting and
variation common to the majority of high: materials normal state transport properties.
can, thus, make the comparison meaningless. Hydrostatic pressure up to 1 GPa was applied in a com-

Recently, a Tl-based single-layer compoundBEL,-  mon piston-cylinder-type high pressure chamber with a 1:1
CuGs+5 (TI-2201) has been a subject of intensive experi-mixture of kerosene and light-fraction oil as a pressure-
mental investigations [2,3]. In direct measurementa of transmitting medium. Such a mixture has been proven
using scanning SQUID microscopy, it was unambiguouslyto preserve the hydrostatic properties during cooling [7].
shown that the-axis penetration depth. in TI-2201 is  The pressure was deduced from the change with pressure
at least 1 order of magnitude larger than it has been cabf the resistanc®,, of a manganin wirdd In R,,/dP =
culated theoretically within the ILT model. This discrep- 2.5% GPa!) atT = 293, 77, and 4.2 K.
ancy has also been acknowledged by Anderson [4]. Upto It has been established that Bi-2212 single crystals
now, the TI-2201 compound is, however, the only excep<an be viewed as one-dimensional (1D) series arrays of
tion among other well-characterized single-layer materialsintrinsic Josephson junctions (13J) [8]. Atomic-scale 13J
such agLa,Sn,CuQ, (La-214) or HgCaCuQ, (Hg-1201) are presumably formed by the CuO bilayers (3 A thick)
which show a more of less satisfactory agreement with thacting as planar superconducting electrodes and poorly
ILT model [5]. conducting BiO and SrO layers acting as barrier layers

Here, we report on the-axis critical current/, (as a of a thickness of 12 A [8]. Thus, a 150 A high mesa
direct measure of the interlayer coupling) and its correlaconsists of ten intrinsic Josephson junctions in a series.
tion to the superconducting critical temperatdie(as a They show up as different branches in the current-voltage
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(I-V) characteristics, each corresponding to one, twothan in Bi-2212. A detailed study of this issue is to be
three, etc. 1JJ subsequently switching to the quasiparticlpublished elsewhere. Of most significance for the present
state as the bias current exceeds the corresponding critioekperiments, though, is the presence of a zero-voltage
current [8,9]. state with a well-defined critical current, characterizing

Typical I-V characteristics of a stack of ten Bi-2212 the c-axis interlayer coupling in Bi-2201. In Fig. 1(b), it
1JJ, at two pressures, are represented in Fig. 1(a). Onlg seen that the-axis critical current of Bi-2201 increases
two out of ten branches are shown. The characteristics araore than 2 times & = 0.85 GPa andl' = 4.2 K.
highly hysteretic, which is typical for a superconductor- Figures 2(a) and 2(c) show the temperature dependence
insulator-superconductor-type of Josephson junction. Thef 1. at different pressures.l. drastically increases
strong effect of pressure is also seen in Fig. 1(#). with pressure at all temperatures. The relative change
nearly doubles at? = 0.8 GPa. Such an observation of I. with pressure,S; = 1/1.(0)61.(P)/8P is about
seems to be missing in the literature [10]. 120% GPa'! for Bi-2212, and270% GPa ' for Bi-2201

Our Bi-2201 samples also show hysteretic multi-at 4.2 K. There are small “glitches” in the(T') curves
branchedl-V characteristics in the-axis direction; see for Bi-2212; see Fig. 2(a). These may qualitatively be
Fig. 1(b). This is the first direct observation of the intrin- explained by a presence of different configurations of
sic Josephson effect in single-layer Bi-2201. There ardosephson vortices in stacks of coupled 13J [12].
several closely spaced sub-branches in place of usually Figures 2(b) and 2(d) show the temperature dependence
well-defined individual branches @fV characteristics of of the c-axis normal state resistanc®,. Data were
Bi-2212 13J. Switching between the sub-branches takewken at different pressures, determined at 77 K for Bi-
place stochastically and it is hard to trace them individu2212 and at 4.2 K for Bi-2201. The change of pressure
ally. This may be due to more pronounced charging [11upon cooling from room temperature downZo= 77 K
and nonequilibrium effects, since the effective thicknes$ias not been taken into account. The relative change
of planar “electrodes” of 1JJ in Bi-2201 is much smaller of R, for Bi-2212, S = —1/R,(0)6R,(P)/8P, was

estimated to be aboui0% GPa! at 7 = 90 K and is
decreasingwith increasing temperature, which differs

12 from the experiments by Forrét al. [13]. For Bi-2201,
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FIG. 1. Typical multibranclf-V characteristics of two stacks 0.0 L
of intrinsic Josephson junctions at the two pressures indicated T4 K 12 16 200
in the panels. (a) Bi-2212: Area of junctions 0 um?. TEMPERATURE (K)

Two out of ten branches a® = 0 and 0.8 GPa are shown.

(b) Bi-2201: Area of junctions is#50 um?. Note that the FIG. 2. Temperature dependences of [(a),(c)] ¢hxis criti-
individual branches are not as well developed as in Bi-cal current/, and [(b),(d)] the normal state resistanRg at
2212. The characteristics are shifted along the voltage axis bgifferent pressures for Bi-2212 [(a),(b)] and Bi-2201 [(c),(d)].
(&) 50 mV and (b) 2 mV for clarity. Solid lines are guides for the eye.
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a correct estimate is difficult to obtain correctly as 5 : : : ‘

R, (P) is nonmonotonic at low pressure. The dashed line . ,z‘

corresponds to the last measurement, when the pressure g 4r B'ZZQ;L 7

was finally released from 0.8 down to 0.04 GPa. It = e

lies below the solid curves corresponding to 0.21 and <3 |

0.37 GPa. The reason for this needs more study [14]. S Ll R i

At high pressuresSgr—os cra) Can be estimated to be 2 x o - o1

~50% GPa''; see Fig. 2(d). a1t e Bi22121
The pressure dependenceRf of a common metal is E n-® u--

usually explained by a change in the Debye temperature — Oe-"'e iy

with pressure [15]. The same effect of pressure-induced 1 , , , 1

stiffening of the crystal lattice is responsible for tHe- 0 0.2 0.4 0.6 0.8 1

creaseof T, with pressure for common-metal supercon- PRESSURE (GPa)

ductors, like Al, In, TI, and Sn. In contrast, the high- FIG. 3. The pressure dependence of the superconducting
compounds show much larger effects of pressure on thegiical temperaturer,. The midpoints of the transition curves

normal state resistances. This is hard to explain merelg,(T) have been adopted ds’'s. The zero-pressure transition
by changes in the phonon system. For example, compatemperatures were 88.4 and 8.2 K for Bi-2212 and Bi-2201,
d(In R)/dP ~ —1.9% GPa! for copper with the above respectively. Dashed lines are guides for the eye.
mentionedSy ~ —60% GPa! for Bi-2212.

It is widely accepted that holes created in the two-change to escape to the former layers thus providing some
dimensional Cu@ planes through electron transfer to the saving of the kinetic energy, and making the coupling
charge reservoirs are responsible for superconductivity ibetween adjacent BiO(TIO) and CuO layers responsible
the cuprate superconductors [16]. Pressure may affeédr high T. in the ILT model. Furthermore, if the
the charge transfer, resulting in a change of the hole-axis critical current (and hence,.) were dictated by
concentration and an increase @. However, the the bottleneck of the likely weak BiO(TIO)-to-BiO(TIO)
pressure experiments by Sieburget al.on Bi-2212  coupling, the experimentally measurédand A. would
samples with different oxygen content have shown thahot have probed the “active” coupling. This would
the increase off,. is almost the same for all samples: explain the difference between the 2201-compounds, and
underdoped, optimally doped, and overdoped [17]. Thighe Hg-120¥La-214 systems, which have no “doubling”
observation clearly indicates that it is impossible toof blocking layers, and where the ILT model seems to
explain the increase df,. with pressure by a change in work [5]. The “negative” for the ILT model results of our
carrier concentration only. present study and experiments of Refs. [2,3] may turn out

In the ILT model, it is the interlayer coupling which to be not as conclusive as they seemed to be. However,
dictates the superconducting transition temperature. Thigis purely speculative suggestion needs more study.
would explain the increase d@f. with pressure, since the  In conclusion we have experimentally demonstrated
hydrostatic pressure, in general, is expected to increaghat the interlayer coupling in Bi-2201 and Bi-2212
the interlayer coupling. From the experiment on single-single crystals may be drastically increased by applying
layer Bi-2201 we see that the superconducting criticahydrostatic pressure. A relatively small changdofwvith
current, which we believe reflects the interlayer coupling pressure in Bi-2201 suggests that the interlayer coupling
increases about 2 orders of magnitude faster tharsee has little effect orT’,. in the Bi system.

Fig. 3 [18]. This implies thatT. in Bi-2201 does not We are grateful to V. Schumeiko for useful discussions.
correlate with the interlayer coupling, in contrast to theThe work was supported by the Swedish Superconductiv-
ILT model. ity Consortium, the Royal Swedish Academy of Sciences

In Bi-2212 though, one has to distinguish the interlayerand, in part, by the RFFI, Grant No. 950204307a.
coupling within the block of the CuO-Ca-CuO layers (in-
trablock coupling) and the (cell-to-cell) coupling between
these blocks across BiO layers (interblock coupling). The *On leave from P.L. Kapitza Institute, Moscow, Russia.
c-axis critical current is determined by the weakest of the [1] P-W. Anderson,The Theory of Superconductivity in the
two, most likely by the interblock coupling, while it is Elr?nhc-eTtCoﬁml)sr)zt?) Superconducto(®rinceton Univ. Press,
the intrablock (_:oupllng which determines hi@h in fche [2] K.A. Moler et al.. Science279, 1193 (1998).

ILT model. This does not allow one to make certain con-

. L L 3] A.A. Tsvetkovet al., Nature (London)395, 360 (1998).
clusions on the validity of the ILT model in Bi-2212 [19]. %4% P.W. Anderson Sciencé?g( 1196 %319598). fﬁowezler

Even for the single-layer “2201” compounds, there Chakravarty, Kee, and Abrahams [Phys. Rev. Lég,
exists another hypothetical explanation of the results 2366 (1999)] point out that the realization of ILT and the
obtained. If the BiO(TIO) layers were superconducting interpretation of measurements af [2,3] require more
[9], the pairs formed in the CuO planes would have a fair ~ careful analysis and that the two can actually be brought
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The critical temperature of our Bi-2201 sample has
decreased from 28 down to 8 K after photolithography.
This is most likely due to oxygen loss during the baking
of the photoresist. This does not affect the conclusions
drawn from ourrelative measurements made on one and
the same sample.

In the ILT theory by Byczuk and Spalek [Phys.
Rev. B 53, R518 (1996)] the interblock coupling has
actually been taken into account. It follows from the
theory that the contribution to the relative increaserpf
with the interblock coupling is weakened by a small ratio
of inter- to intrablock coupling..
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