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Low-field magnetizatiorM (H) measurements are reported for single crystals of various higiuprates
with different anisotropies¥=\./\,,, Wherex; and\ ,;, are thec-axis andab-plane penetration depths-or
YBa,Cuz0; (y~5) and La goSr 1:CuO, (y~12), qualitatively similatM (H) behavior is observed when
the magnetic field is applied both perpendiculbt]|¢) and parallel H|ab) to the CuQ planes, consistent
with a description of these compounds as anisotropic three-dimensional superconduci®esCllg, 5
(y=25) and BjSr,CaCuy,O (y=250), on the other hand, show significant differencesMfH) with
H|lab which can be attributed to the presence of Josephson screening currents across the layers. These
observations imply that the nature of the interlayer coupling is determined primarily by the ratio of the
out-of-plane coherence length to the interlayer spacing.

[. INTRODUCTION isotropic systems, no direct evidence has yet been reported
for intrinsic Josephson coupling.

In high-T, cuprates, the superconducting layers are The presence af-axis Josephson screening currents has a
weakly coupled along the crystallimeaxis leading to strong profound effect on the physical behavior of a layered super-
anisotropy in their physical properties. In many anisotropicconductor, particularly in the mixed state, and it is therefore
layered superconductors, the phase of the superconductiggsential to determine the nature of the interlayer coupling
order parameter is continuous across the layers and anister a particular cuprate system in order to understand its
tropic three-dimensiondBD) Ginzburg-Landau theory is ap- physical properties. Furthermore, it has been suggested
plicable. However, when the coupling is sufficiently weak, recently that onlyA.(T), and not the more widely measured
the interlayer phase difference becomes discrete and the fré®-plane penetration depth,,(T), can give information re-
energy must be expressed in terms of the Lawrence-Doniaaparding the orbital symmetry of the order parameter in high-
formulas for a Josephson-coupled multilayered superd. cuprates. However, if the CuQlayers are Josephson
conductot: There is significant evideng¢hat in the strongly  coupled, this should affect the temperature dependence of
anisotropic cuprate BSr,CaCu,Og (y~250), the layers X\ (T) in an entirely different way to nodes in the energy gap.
are Josephson coupled, while at the other extreme, Low-field magnetization measurements have not been
YBa,Cu;0; (y=~5) can be described adequately using an anused extensively in the study of Josephson effects in high-
isotropic 3D approach For intermediate anisotropies, how- T single crystals, despite having various advantages over
ever, the nature of the interlayer coupling has not yet beenther investigative techniques. They are simple to perform
systematically studied though recent experiments have sugnd, in contrast to transport-{/) measurements, are not
gested that some of these compounds possess various prgpene to the problem of internal heatif@Vhen a magnetic
erties attributable to intrinsic Josephson effects. For exampldield is applied parallel to the superconducting layers, circu-
Tl,Ba,CuQq (Ref. 4 (y~25) and Nd gCe sCuQ, (Ref.  lating supercurrents flow within theb planes and also tun-

5) (y=~30), show large discontinuities in the magnetization atnel between them. If the layers are Josephson coupled, these
fields close toH.; when the field is applied parallel to the currents will be different to ordinary London screening cur-
ab planes. This discontinuity is thought to arise from therents, particularly once vortices start to penetrate within the
destruction of Josephson screening currents between the lajnctions. We show here that a magnetization measurement
ers by the magnetic field. In La,Sr,CuO, (y=~12), the in low fields is a sensitive probe of the nature of the screen-
c-axis penetration deptk, is reported to follow a tempera- ing currents and the interlayer coupling in cuprate supercon-
ture dependence similar to the Ambegaokar-Baratoff relatiomluctors. Our procedure has been applied to a range
for Josephson junctions and a recent modwlolving ther-  of systems including BiSr,CaCu,Og, Tl,Ba,CuQOg; s,

mal fluctuations of the phase of Josephson junctions betweeriBa,Cu;0;, La; goSrp1:CuO,, and the layered dichalco-
the planes has been successful in modelingctlaetis resis- genide NbSe (y~3).

tive transition of Lg_,Sr,CuO, with H||c (the quasi-force- For the more anisotropic systems,,Br,CaCu,Og and

free configuration However, in all these intermediately an- Tl,Ba,CuQOg¢, s, distinct qualitative differences are ob-

0163-1829/96/5@.0)/67527)/$10.00 53 6752 © 1996 The American Physical Society



53 CLASSIFICATION OF THE INTERLAYER COUPLING IN ... 6753

TABLE |. Values of T., vy, \(0), &(0), s, &(0)/s, and 210° ———— —tt——————1— 0.001
2£.(0)/(s—2.8) for the single crystals described in the textor 5 B Bi Sr,CaCu,0O, Bi,Sr,CaCu,0,
YBa,Cu;07 and Bi,Sr,CaCw,0g are taken as the larger interpla- g ol H//ab | Hi/e 4o
nar distance. ‘2’ 60K 60K

2 10° T 1 -0.001
Te Ac(0) &(0) s 281
K vy (wm A A &Is (s—2.8) 107 I 1 -0.002
Bi,Sr,CaCyO; 89 >60 >15 <0.5 12.3 <0.06 <O0.1 Y oy | 1 0003
TI,Ba,CuO, 82 25 2 2 115 017 045  410° Yo | 12
TI,Ba,CuQ;,; 65 20 2 2 115 017 045 o : Tl 000
Lal_sgsrolllcuoll 27 12 5 3 66 045 16 H(gauss) H(gauss)
YBa,Cus0, 92 5 07 32 82 0338 12 4105 0.002
NbSe 7 3 15 30 6.0 5.0 19
0.0015
served for the two orientatiortd|ab andH|c. It should be
noted here that fa||c, identical behavior is observed for all 2107 0.001
systems studied, showing that the differences which are =
. g
found for H|lab are purely a consequence of tleeaxis S 5 1 0.0005
screening currents, which we ascribe to the presence of % M
—————— 0

Josephson-coupled planes in the TI- and Bi-based com-
pounds. On the other hand, the Yg&au5;0,, 0+ 10 1
La; goShy 1:CuQ,, and NbSe crystals exhibit similar magne- H (gauss) H (gauss)
tization behavior for both field orientations and can therefore

be described as anisotropic 3D superconductors. Despite the FIG. 1. (a) ConsecutiveM(H) curves on a BjSr,CaCu,Og
similarity in the anisotropy of TJBa,CuQg,s; and single crystal withH|ab (left pane} andH||c (right pane} at 60 K.

La, oSl 11CUQy, their magnetization behavior is fundamen- The thick(thin) arrows indicate the direction of the firgsecond)

tally different. This particular observation helps clarify what field sweep. The dotted line represents the Meissner screening sig-

parameters determine the nature of the interlayer coupling i@l @ndH peq is the field of first flux penetratiortThe same con-
the highT, cuprates. vention is adopted throughout this papeb) Deviation of the

magnetization from the Meissner signaAM(H)=M(H)— xuH
[where xy, is the slope of the lineatMeissney region for the
magnetization curves shown {@). For H||ab, yy=—1.40x10"°

The single crystals used in this study were grown usingmu/G and foric, yy=—1.75<10"* emu/G.
either the floating zone methd@!!or self-flux methodd?*3
All crystals were first characterized to ensure that they wer&USSed. There have been reports recently of the presence of
fully superconducting, displaying the full screening signal9e€ometrical barriers in highz cuprates, which can ha\1/7e a
with H||ab, and that their transitions were sharp, with typical Profound effect on the magnetization behavior wiic.
transition widths(10—90 % of less than 2 K. Several crys- Howgve_r, geometrlcal barriers are not tho_ugh_t to influence
tals of each compound were investigated to check the corUr findings, since the anomalous behavior is only found
sistency of theM (H) results(except NbSg). The onsefT, with H||§1b and in all c_:rystals studied, mcludmg Nbgethe
for each crystal described in the text are recorded in Table fnagnetization behavior withi||c show essentially the same
The magnetization measurements were performed using fgatures.
Cryogenic Consultants low-field SQUID susceptometer with
a scan length of 5 cm. Crystals were reliably mechanically Ill. RESULTS
stabilized to prevent them moving in the applied field. For
both field orientations, thé(H) sweeps were performed
using the same procedure. Initially, each crystal was zero- Figure Xa) shows a typical M(H) loop for
field cooled &0.004 G through the transition to a set tem- Bi,Sr,CaCyOg with H||ab (left pane) andH | c (right pane)
perature to achieve an initial superconducting state with nat a temperaturd =60 K. The initial linear region on the
trapped flux. The field was increased in small stgpgically  first sweep(marked by a thick arroprepresents the Meiss-
<1 G) to beyond the field of first flux penetration and then ner signal and deviations from the dotted line correspond to
decreased in similar sized steps to zEr@he sweep se- flux penetration into the crystal. The field at which flux starts
quence was subsequently repeated, with identical or similaio penetrate is labeled ,e,. The peak inM(H) on the first
step sizes, but now with trapped flux, i.e., with vortices ini- sweep was observed at all temperatures. Moreover, there was
tially present within the sample. This procedure was carriedho indication of any further increase in magnetization be-
out at several temperatures, though only selected fielgond the peak, thus confirming that the alignment parallel to
sweeps are described in the text. None of MéH) data  the planes was good:**The rawM (H) data look very simi-
shown here are corrected for demagnetization factors buar in both cases, except for the difference in scales. In order
these are negligibly small fdd|lab and even foH||c, they  to study the field evolution of the internal flux density with
do not change any of the qualitative features that are disfield more closely, the magnetization data have been plotted
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II. EXPERIMENT

A. Bi,Sr,CaCu,0g4
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in Fig. 1(b) as AM(H)=M(H)—xuH, where yy is the —
slope of the lineakMeissney region. In these plots, an im- 310°L  Sweep2 2a
portant difference is revealed in the low-field behavior of the _ | (H_, = Ogauss)
magnetization for the two field orientations. Wikh|c, the g ;
initial behavior of AM (H) is the same for both field sweeps, s v l
i.e., no flux penetration takes place beldw=H ., even - " Sween 1 ]

. L P
though vortices are already present within the crystal at the 110°L (H = 2gauss) Bi.Sr CaCu.0
start of the second sweep. With|ab, however, the internal " > iy
flux density changes for ali>0 on the second sweep but - 6K
not on the first one. 2 4 6 & 10 1 1 16

In order to understand this fundamental difference in be- (HH,)* (gauss”)
havior, it is important to take into account the very weak 0.00025 . ,
nature of the interlayer coupling in this highly anisotropic Bi,Sr,CaCu,0, 2b
material and picture the layered structure ofBjCaCyOg 0.0002} Hi/c
as a stack of Josephson junctidns.is well known that the E) 60K
presence of a magnetic field within a Josephson junction = 000015F Sweep 1
causes strong suppression of the Josephson currents across it 3 (H_ = 6.5gauss)
because of its influence on the phase of the order 00001y pen Sweep 2
K . (H = 6.5gauss)

parametet® Furthermore, it has been shown theoreticalfy 10l A ed verically
that when a magnetic field exceeding, is applied parallel for clarity)
to the layers of a weakly J_osephso_n-coupled Iayt_ared super- of + e - 4 =4
conductor, Josephson vortices begin to form within the lay- (HH_)? (gauss?)

ers, the surface currents are effectively suppressed and there
is no further screening of the parallel component of the ex- _ 2
ternal field. Thus, at the start of the second sweep, with vor: FIG. 2. AM vs (H—H,e)* for Hljab (a) and forHiic (b) for

) i b he CuOI . BiSpCaCyOg at T=60 K. For Hllc, Hpe, is the same for both
tices still present between the Cy@lanes, no screening is field sweeps and for clarity the data on the second sweep have been

possible and the magnetization changes as soon as the &g vertically, whereas foH|ab, Hp, is zero on the second

plied field is stepped up again. By contrast, witljc, the sweep. The values dff,e, used in each case are shown in the
ab-plane supercurrents have no Josephson component aRgyres. For clarity, only low field data are shown.

the system behaves as a conventional type-Il superconductor,
with surface currents coexisting alongside the vortices. diverge, causing the junctions to unlock. The resulting broad
These surface currents screen further flux penetration on the/ characteristic observed at lower temperatures was thus
second sweep untHi e, is reached once more. viewed as a manifestation of the continuous distribution of
A second fundamental difference between the two fieldy 's along thec axis?*
directions is the actual field dependence of the internal flux OnceH has exceeded the lower critical field of all the
density beyondHpen. In Fig. 2, AM is plotted against junctions,AM(H) begins to follow the K —H)? depen-
(H—Hpen® to compareAM(H) with the classical Bean dence found in the other field orientation. This observation,
critical state behavior for a constady-flux profile?***With  and the quadratic behavior observed on the second sweep
Hllc, AM(H) for both the first- and second-field sweepswith H||ab, suggests that the dynamics of the Josephson vor-
follows the expectedH —He)* behavior, the rate of flux tices also obey critical state behavior. This is surprising at
entry being lower on the second sweep due to the presence fifst sight because the defect pinning mechanisms that con-
the trapped flux. FoH||ab, howeverAM on the first sweep trol the dynamics of Abrikosov vortices are not expected to
follows no simple field dependence just beyoit]ep, apply to Josephson vortices, since there are no normal cores
though it varies as H—He)? at higher fields[above to be pinned in the latter. However, critical state behavior of
(H- Hpe,)2~ 10]. On the second sweep\M o (H— Hpe,)2 Josephson vorticesasreported recentl’s? based on magne-
for all H>0. The unusual variation cAM(H) just above tization measurements on ;Ba,CuQg, s single crystals
Hpen ON the first sweep can also be understood within thewith H|ab. Here it was suggested that local variations of the
Josephson picture if the Cy(planes are assumed to have atunneling distance between the junctions may introduce a
broad, continuous distribution of Josephson couplingfinite pinning of Josephson vortices moving along the
strengths. AH .., vortices begin to penetrate only into junc- planes. Dislocations can also act to pin Josephson vortex
tions with the lowest critical currents and fields, then as thanotion along the planes. Thus, although the inner core of
applied field is increased further, the variation oM (H) Josephson and Abrikosov vortices are fundamentally differ-
reflects the spread of critical currenfields) of the indi-  ent, different pinning mechanisms may give rise to similar
vidual junctions. Further support for such a scenario indynamical behavior for both types of vortices in the mixed
Bi,Sr,CaCyOg was reported recentl from c-axis current-  state. In addition, it was suggested in Ref. 4 that beyond
voltage (-V) characteristics withH|c (H=2 T). In this Hpen, JOosephson vortices combine to form a regular triangu-
report, sharp-V characteristics were observed over a narrowlar lattice in a similar way to Abrikosov vortices, i.e., as
temperature range (¥T<25 K) which was believed to elliptical current distributions with major and minor axes
represent phase locking of the individual junctions in the\; and\,,, respectively. Theoretical support for this picture
magnetic field. As the temperature was lowered, differencewas reported recently by Bulaevskii al > who investigated
in the physical properties of the individual junctions began tothe vortex dynamics of such a multilayered system in a par-
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FIG. 3. () AM vs H” for Tl ,Ba,CuQ,. ; crystal (T;=82 K) at FIG. 4. (a) AM vs H for YBa,Cu3;0- crystal atT=20 K with

T=6 K with Hljab (xy=—2.4x10 " emu/G. (b) AM Vs H? for H|ab (left pane} andH | c (right pane). The double headed arrows

T12Ba;,Cu0. 5 ﬁrystal (I-C:65, K) at T=10 K W'th Hllab indicate the position ofHe,. For Hllab, yy=—2.40x10"°

(xm=—1.8x10" " emu/Q. Again, only the lowest field data are emu/G and forH|c, yy=—1.25¢10"° emu/G. (b) AM vs

shown. (H—Hpen)2 for H|jab (right pane) and forH||c (left pane). Only
the lowest-field data are shown.

allel magnetic field. Their time-dependent phase equation for
individual junctions predicts an anisotropic triangular latticepenavior of AM(H) at Hpen can be understood and the
of Jo;ephspn vortices with current and fi_eld distributions aly,nusual  low-field magnetization behavior of both
most identical to those of Abrikosov vortices. TI,Ba,CuQ;., s and BLSKLCaCyO; with H|ab appears to be
consistent with the Josephson nature of the interlayer cou-
pling in these two compounds.
B. Tl ,Ba,CuOg, 5 For the lowerT, sample, shown in Fig.(8) (T.=65 K),
Figure 3 shows field sweeps withi|ab for two the discontinuity is absent, though all the essential features
e " of the Josephson behavior described above are still evident.
TI,Ba,CuG;, 5 crystals with different transition temperatures In this case AM(H) aboveH.., shows a gradual increase
plotted as deviations from the initiéd (H) curves AM ver- i Giold similar to that found for BiSr,CaC,Os. To re-
e e o S W) duceT, n TI,5a,Cu0, .. he syst must be vercoped
rceviouslgf‘ i ogk])served aH :3{_' The discontinuﬁt at by the addition of excess oxygéapproximately 5% per unit
ﬂ:H cannot be accountedpefr:).r within the Abriiosov cell for aT; of 65 K (Ref. 28] which are located intersti-

d Fe" d has b tribubdd to th fic d _ tially between the TIO layer® This extra oxygen probably
"?.O N ?nh as eehn attribu o be magne;]c Iecou leads to greater disorder in the TIO layers and ultimately to a
piing 1320t e Josephson interaction eMeen t2e YIS Hroader distribution of interlayer coupling strengths as in
HP.E“' On the second _sweem_;M varies _asH _for all Bi,SrL,CaCyOg. In fact, measurements on several single
finite H, and hence there is no field range in which the ex'crystals of ThBa,CuO, with differing T.'s reveal that
ternal field is screened once vortices are present inside ﬂbeenerally the higzher ﬂf.efﬁ the sharper thecpeak Bt i
crystal, as found for BiSr,CaCu,Og4. Thus, apart from the agreemeﬁt with this picttj,re pens
discontinuous jump iM(H) in Tl,Ba,CuOg, 5, the mag- '
netization behavior in TIBa,CuOg, s and BLSLCaCyOq
are qualitatively the same. The fact that the flux penetrates
discontinuously aH ., suggests that the Josephson coupling
between the layers in this crystal is very well matched from Figure 4a) showsAM versusH for an optimally doped
layer to layer, leading to a singlé,, for the vast majority of YBa,Cu;0- crystal with H|ab and H|jc at T=20 K. In
junctions. TLBa,CuOg, s is intrinsically less disordered contrast to the behavior found in JBa,CuOg,s and
than Bi,Sr,CaCu,Og4 because of the incommensurate dis-Bi,Sr,CaCyOg, the essential features of the first- and
tortions of the BiO layers in the latter. Hence, the differentsecond-field sweeps are very similar for both orientations.

C. YBa,Cus0,
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FIG. 5. AM(H) curves for NbSe at T=5.1 K with H|ab.
(xm=—1.80x10"% emu/G) La, ¢S1;,,Cu0, 6b
g | H//ab
_ _ _ X} 18K
First, AM(H) remains unchanged at low fields up to the % H_ = 6gauss
sameH ¢, on both sweeps. Second, as shown in Figp) 4 |
AM varies quadratically with field abovid ¢, in all cases. , ‘
Thus, the screening currents flowing across the layers appear e Y
to behave in an identical fashion to those flowing within the 0 o
planes and there are no signatures of Josephson coupling 0 20 40 60 80 100
with H|ab. YBa,Cu;0- therefore seems to behave as an (H-H_)* (gauss”)
anisotropic three-dimensional superconductor with no Jo-
sephson interaction along tleaxis. The flux lattice is pre- FIG. 6. (8 AM(H) curves for Lg ggSrp1,CuO, at T=18 K

sumably composed of Abrikosov vortices in both field orien-With Hllab (low-field data only (yw=—4.80x10"° emu/G. (b)

tations. AM vs (H—Hpen)2 for the same curves, the data for the second
These results reveal how low-field magnetization meaSWeep have been shifted vertically.

surements can be used to determine the nature of the intetr— Id Fi Th . h

layer coupling in layered superconductors. The different bel®'d SWEEPS [see Fig. &)]. us, It appears that

havior observed in the two field orientations for L@1.8950.11CUO, should also be considered as an anisotropic

TI,Ba,CuQs. s and Bi,Sr,CaCOy arises from the differ- S0 Superconductor.

ent nature of the screening currents within the Guflanes

and across the layers. In less anisotropic ¥8azO-, simi-

lar behavior is observed for both field orientations, implying IV. DISCUSSION

that only standardnon-Josephsgrscreening currents, with Table | summarizes the results for all single crystals dis-

anisotropic penetration depths, exist in this compound.  cyssed in the previous section. The values of the anisotropy
parametery were obtained directly from our own magneti-
D. NbSe, zation measurementexcept NbSe for which y was taken

For comparison with the cuprate superconductors, we peffom the 'iFefatWéO)- To estimatey, we assume tha e,
formed identicalM (H) measurements on a single crystal of (from the first field sweepcorresponds to the lower critical

the layered dichalcogenide NbSET.=7 K, y=3 (Ref. field, H¢, in each field orientation. The ratio of the penetra-
30)]. Figure 5 shows theAM(H) data with H|ab at tion fields_for.H||ab and H||c must then be scaled by the
T=5.1 K. This figure shows clearly that the behavior at low d4€magnetization factor 1/(iN.), determined experimen-
fields for both field sweeps is in fact similar to that found for tlly from the ratios of the initial lineafMeissney regions of
YBa,Cu0,. (Identical behavior was also observed for theM(H) data at the lowest temperature measureebr the
H|c, but is not shown hergThis observation, for a less thin platelet samples used in this study, the demagnetization

anisotropic noncuprate compound, further supports the arf@ctor 1/(1-Ng)~1 for Hllab. Therefore, y~(Hpen,/

isotropic 3D picture presented above for Y&u30. Hpenan)/(1—Nc) whereHpene (Hpenap) IS the penetration
field measured at the lowest temperature vidhc (H||ab)

E. La, o 1CUO and 1/(1-N.) is the demagnetization factor fdt||c. In-
P TEL8eRT 0.1 4 spection of Table | leads us to conclude that there is some
The Lay goSrg.1/CUO, crystal reported in this study has an correlation between the level of anisotropy and the appear-
anisotropy y=12 determined both from the magnetization ance of Josephson coupling and that the critical regime for
(i.e., H.,; measurements and the resistivity anisotropy of ahe crossover from 3D to quasi-2D occurs in the range
second piece of the same crystaiich is intermediate be- 12<y<20. The assumption thdt;;~H ., is justified in
tween the anisotropy of YB#u;0; and Tl,Ba,CuOg, 5. that values foH ., agree well with other experimental val-
The AM(H) data forH|ab at T=18 K are shown in Fig. ues ofH.; in the literature and with those obtained from
6(a). As found for YBgCu;0; and NbSe, AM(H) on the  appropriate formulas far ., (Refs. 18 and 3lusing typical
second sweep is parallel with that of the first ubtj.,andis  values of\ 5, andy from the literature. This implies that for
again found to vary quadratically withH(—Hp.) in both  the crystals studied here, surface barriers have little or no
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effect on theirM(H). The only possible exception is the der parameter between the layers to change from continuous
YBa,Cu;0- crystal whereH penap (= 220 G is a factor of  to discrete whenever@<s—2.8 A. The data summarized
2 higher than expected for typical values pf(= 5) and in the last column of Table | are consistent with this
Nap (= 1400 A). However, for two other YBaCu;0- crys- remark>®
tals also measured in this studgnot discussed heye Finally, it should be recalled thag; is strongly tempera-
Hpenab Was found to be 110 G. All the essential features ofiuré ~ dependent.  Thus, for JBa,CuQOs., and
the M(H) data described in the previous section forBizSRCaCuyOg, there will be a temperature beloWw, at
YBa,Cu;0, were also observed for these two samples. which point the above inequality is no Ionggr sat|§f|ed and
The c-axis penetration depth(0) gives an indication of the behavior should_ revert to that of_ the_ anisotropic 3D su-
the strength of the screening currents flowing across th erconductors. In I32|SrZCaQL_}208, this will be very close
CuO, planes; the largex(0), thesmaller thec-axis J, . It o T, and therefore very difficult to observe. However, for

. . _ TI;BaCuGs, 5, the inequality should be violated at much
has peen argu_e(_j recerfiyhath(0) is an important param lower temperatures. Though not displayed here, it was shown
eter in determining whether or not Josephson effects are t

. . . i Ref. 4 that for a T)Ba,CuO, sample withT.=82 K,
be found in the superconducting state and a larg®) is #B3,CuOg, , Samp ¢

) i ; i . the signatures of Josephson coupling disappeared above 45
correlated with the nonmetallic behavior of theaxis resis- ¢ This was attributed to thermal fluctuations reducing the

tivity in the normal state. In Table | we have listed eStimateSJosephson coupling, but the present results imply that it may
of A(0) derived from the values ¢1.; andy obtained from 3150 be connected with the crossover in magnetization be-
our magnetization data for each crystéhe value for havior at 2,~s—2.8 A.
YBa,Cu,0; is derived assuming=>5 and\ ,,=1400 A). As In conclusion, we have found a simple technique, using
one can see\(0) for La ggSro.11CUO, is more than twice  successive low-field magnetization curves, to investigate the
that for both ThBa,CuOg, s crystals, implying that the nature of the interlayer coupling in several higip-cuprate
c-axis screening currents in LggSro1:.CuO, are weaker single crystals. Systems of low anisotrop§Ba,Cu,0O- and
than in TI,Ba,CuOg, ;. However, theM(H) behavior of | a, ¢Sr,,,Cu0O,) show essentially the samé(H) behav-
the former is consistent with LasSr,1,CuO,4 being an an-  jor on successive cycles both fetijab andH| c, implying
isotropic 3D superconductor while FBa,CuQg, 5 is JO-  that the screening currents flowing in and out of plane are
sephson coupled. Thus, it appears that the magnitude @fmilar in nature, albeit with anisotropic effective masses. In
A¢(0) is not the dominant factor determining the nature ofthe more anisotropic TBa,CuQg, s and Bi,SLCaCuyOg,
the coupling between the planes. however, significantly different behavior is observed with
The next column in Table | lists the values of the ZerO-H”ab, which, we believe, can On|y result from the different
temperaturec-axis coherence lengté.(0) for each system. properties of the screening currents that flow across the lay-
For Bi,Sr,CaCu,0g and NbSe, £.(0) is derived from the  ers, in particular, the stronger effects of trapped flux on Jo-
expressiort (0)=y£,,(0) whereé,,(0) is taken from typi-  sephson currents. Rather surprisingly, on subsequent field
cal values reported in the literatuté.For YBa,CusO7,  sweeps, various features of th#osephsonvortex lattice in
Lay goShy.11:CUQ,, and TLBa,CuOg, 5, £:(0) is estimated the parallel field orientation, namely its structure and dynam-
from the thermodynamic critical fieldd. derived from ics, seem to show similarities with that observed for Abriko-
specific heat measuremetits and the relation «x,, sov vortices.
= 2\/EWHC)\ab(O))\C(O)/%:)\ab(O)lgc(O). In the table, By studying systems of different anisotropy, we have been
one sees that for the two single layer compoundsable to determine an experimental criterion defining the
La; gShh 1:Cu0, and ThBa,CuOg, 5, &:(0) values are crossover from anisotropic 3D to quasi-2D behavior in the
quite similar. However, the distance between successive cuprates. Further systematic studies are envisaged to investi-
CuO, planes in ThLBa,CuOq, s is almost twice that in gate the sharpness of this crossover in various compounds.
Lay goSIh.1/CuQ,. (The values of for each crystal structure Finally, it should be noted that any other layered type-Il su-
are also listed in Table)l.Thus the ratio£.(0)/s, which is  perconductor could also be investigated using the same pro-
essentially an indication of the dimensionality of the supercedure. By making successivézero-field-coolegl field
conducting state atf =0, does show a correlation with the sweeps with the field applied both parallel and perpendicular
onset of Josephson coupling. The critical value falls in thefo the superconducting planes, one should be able to deter-
range 0.1% &,(0)/s<0.38. This result is significant since it mine whether the material is Josephson coupled or three di-
suggests that even though(0) can be less than half the mensional. Such knowledge would be extremely useful for
interplanar distance, the system can still be considered to bénderstanding its behavior in subsequent experiments.
three dimensional with a continuous phase change of the
order parameter across the layers. Lawrence and Ddniach
state that the effective mass model breaks down when
£.<s, because in this case, most of the vortex core lies We wish to acknowledge helpful and stimulating discus-
between the layers in a region of low electron density. Al-sions with Dr. J. D. Johnson and Dr. V. N. Zavaritsky and
lowing for the fact that the Cu@layers are approximately thank Dr. A. P. Mackenzie and Dr. Y. Yagil for assistance in
2.8 A wide(i.e., twice the van der Waals radius for oxygien this collaborative work. In addition, we are very grateful to
the width of the low-electron density regions between theDr. D. Pilgram of Twickenham Scientific Instruments and P.
CuO, planes iss—2.8 A. If the order parameter decays D. Hunneyball for invaluable technical assistance and D. M.
along thec axis within this region over a distanég from  Astill for EPMA analysis of the LaggSrg,,CuO, crystal.
both sides, one could naively expect the variation of the orThis work was supported by EPSRC.
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