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Angular magnetic field dependence of the critical currents(RitSr,CaCuy0Og),,/(Bi,SrLCuQy),
multilayers has been investigated,andn being the numbers af-axis half unit cells of each phase in
one layer. In the limiting case of 15 A thick 2212 layers and 24 A thick 2201 layers per multilayer unit
(m = 1,n = 2), we have achieved a superconducting system whe¥é) is independent of a magnetic
field (H = 20 T) parallel to the layers. We demonstrate that this system behaves like an ideal 2D
superconductor. [S0031-9007(97)03895-7]

PACS numbers: 74.80.Dm, 74.60.Ec, 74.60.Jg, 74.72.Hs

Since the discovery of higif,. superconductivity in magnetic field applied parallel to the layers is found to be
cuprate compounds, a large amount of work has beesmaller than in the case of YBaCuO single phase films [8].
done to understand the vortex dynamics and the mecha- The study of artificial multilayers based on the
nisms of flux pinning. For these highly anisotropic su-BiSrCaCuO compound is more recent. Multilayers
perconductors in a transverse magnetic field, the vorticeBi,Sr,CaCu0s),,/(Bi,SrCuQ;), were obtained by
may be represented by a stack of 2D pancakes localized growing sequentially 2212 phase (high) layers and
the CuQ planes [1,2]. Besides the anisotropy of the ma-2201 phase (lowl'., semiconducting or metallic) layers.
terial, the strength and the nature of the coupling betweefhe numbergn andn are the numbers af-axis half unit
stacked adjacent pancakes depend strongly on both tercells of 2212 and 2201 phases, respectively, per super-
perature and magnetic field conditions. A model based otattice periodA. The effect of the multilayering on the
Josephson mediated coupling between the 2D vortices h&soadening of the resistive transition was studied [9-12].
been proposed [3] when the distant¢along thec axis) In all cases,T. (R = 0) is lower than (or equal to [12])
between these vortices is not too large with respect to ththe value for the 2212 single phase. We have shown that,
penetration depth of the screening current indbglane, for a given multilayer, the broadening of the resistive
Aap- Inthe opposite limitd > A,;) the pancakes are just transition, and the consequefit (R = 0) decrease, are
magnetically coupled [4]. observed when the 2201 phase is semiconducting [13].

A study of multilayers represents a good approach foBut when the 2201 phase is grown under conditions
understanding the physical properties of the highsu-  which produce metallic 2201 single laye#®,(R = 0) of
perconductors by artificially engineering their crystallinethe multilayer can be enhanced with respect to that of the
structure. It is possible in such artificial layered struc-2212 phase [13].
tures to control the distancd between the supercon- We have investigated the critical currents under an
ducting (CuQ) planes, and the nature of the separatingapplied magnetic field of these multilayers with a high
layers (insulating, metallic, or superconducting). ThroughT. value. We concentrate in this Letter on the results
this approach it is possible to achieve the modulatiorobtained for a multilayer withm = 1,n = 2, called SL1.
of the magnitude of the superconducting layer couplingThe thickness of the 2212 phase layer of the superlattice
This idea was first developed for the YBaCuO systemis the smallest possible superconducting unit, i.e., half a
Several groups have studied the physical properties afnit cell: 15.4 A. The distance between the GuDuble
YBaCuQ/PrBaCuO multilayers [5,6], where the PrBaCuO planes is 40 A, which is more than 2 times larger than
compound is insulating, and of YBaCy®,Pr,_,BaCuO its value in the pure 2212 phase (15 A). We compare the
samples [7,8] where the separatingPY;—,BaCuO lay- results to the data obtained on a single phase 2212 film,
ers can be insulating or superconducting, depending on thealled SF, and on a multilayer withh = 2,n = 2, called
value ofx. In all cases the critical temperaturgg = 0)  SL2. For this second multilayer, the superlattice period
of the multilayers are smaller than that of YBaCuO bulk.is composed of one unit cell (30.8 A) of 2212 phase
In these previous studies, the effect of the multilayeringseparated by one unit cell of 2201 phase (24.6 A). The
on the transport properties under magnetic fields was corstacking of the different component units for SL1, SL2,
sidered. The dependence of the critical currents with @and the 2212 film, SF, is schematically drawn in Fig. 1. It
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(SL2) 0.4) Al has aT, of 94 K and SL2 (m = 2,n = 2) X 10,
(2212)2/(2201)2 spatial periodA, = (55.2 = 0.5) A] has aT, of 86 K.
The 2212 film SF is 1500 A thick with, = 81 K. The
_— samples were patterned by photolithography and chemical
(2212) /(2201) 154 etching into a narrow bridge, 120m long and 25um
1 2 wide. The critical currents are measured by a dc four
E— _ probe technique, and a constant voltage criteria of 0.5
2212 or 25uV is used forJ,. determination. Note that, for
the multilayers, the critical current density has been deter-
mined using the total thickness of the sample.

(SL1)

(SF)

2201 b > oL e
15k 40A | one unit 40A| 220 The magnetic field is applied in a direction always
cell cell perpendicular to the current and tilted at an angle

with respect to the gb) planes. This angle has been
varied from—90° to 90° with an accuracy of 0.1for the

low magnetic field measurement& < 1 T) and 0.05

for the high magnetic field oned < H < 20T). The
high magnetic field measurements have been performed
at the Laboratoire des Champs Magnétiques Intenses at
Grenoble. The temperature was varied from 1.3 K to
FIG. 1. Scheme giving the distances separating £hi@yers 7. and regulated with a capacitance thermometer, with
(solid lines) in a 2212 film SF, in multilayer SL1, and in a precisiolAT/T better thanl0 3.

multilayer SL2 (see text). Let us consider first the critical currents measured
under magnetic field for SL1. In Fig. 2, we present the

. measurements of the angular dependence of the critical
shows that for multilayer SL2 the Cy@ouble planes are . . densities, at T — 42K and H — 1 and 20 T,

separated either by a distance of 40 A (as for SL1) or b _ !
a distance of 15 A (as in the case of the pure 2212 phas)iél.nd at 70 K andH = 5 {;md 20T, As expected in
?yered systems, there is a peak Ja(H) when H

Up to now, no detailed and systematic magnetotranspoapproaches the direction of the Cu@lanes(d = 0°).

studies have been performed on such multilayers. Th?he important new result is the fact that measured

data will be analyzed in terms of 2D angular scaling .
laws so as to reveal the effective dimensionality of thefor H applied parallel to the Cufplanes stays equal,

. " . within experimental accuracy, to the value measured in
system. We will show that a specific layering allows one
to approach an ideal 2D behavior.

Multilayers (2212),,/(2201),, have been prepared by re- Je(H,0 = 0°) = J.(H = 0). )
active rf magnetron sputtering on heated MgO substrates, Relation (1) is satisfied for all temperatures in the
and the crystalline quality of the films and the structurerange: 4.2 = T = 81 K and for H ranging from 0 to
of the multilayers were studied by x-ray diffraction [13]. 20 T, as demonstrated in Fig. 3. This figure displays
The 2201 phase was grown in conditions which producéhe maximum values of/.(¢), obtained for 6 = 0,
oxygen overdoped 2201 single layers, metallic in theirand measured at given field and temperature. Because
normal state and superconducting below 5 K. Multilayerof the limitation of the angular precision and of the
SL1[(m = 1,n = 2) X 10, spatial period\; = (40.3 =  rapid decrease af. in a transverse magnetic field, the

|
| ||

zero magnetic field, as indicated by the solid line,
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FIG. 2. Critical current density measured on multilayer SL1, for two magnetic field magnitudés=at.2 K (H = 1 and 20 T)
(@) andT = 70 K (H = 5 and 20 T) (b), as a function of the orientatiérnof H with respect to the CuOplanes. The solid line
indicates the value of .(H = 0).
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FIG. 3. Dependence of the critical current density measuregt|G. 4. Angular scaling of the critical current density as a

on multilayer SL1 as a function of the magnetic field parallel function of H sin6, shown atT = 81 K for multilayer SL1.

to the CuQ planes(¢ = 0), at a given temperature, between The full circles correspond to the measurements performed

T = 4.2 and 81 K(T. = 92 K). in the transverse magnetic field configuratigh=¢ 90° or H
parallel to thec axis).

measurements of.(#) at high temperature are difficult.

For example, al' = 81 KandH = 5T, all the variation g g1 and SL2. The mechanism of dissipation in par-
of the critical current takes place in a very narrow angulaje| field for strongly anisotropic layered superconductors
window: 0.5 , with Josephson coupling between the layers has been theo-
From the measurements &f(H, 0) and following the  retically studied in Ref. [16]. The resistive behavior is
2D model proposed by Kest al.[14], we can scale (g|ated to the activated hopping of segments of Joseph-
for a given temperature the variation @f(H.,6) with 5o yortices to the neighboring layers and to the subse-
the component ofH along thec axis and compare q,ent motion of the vortex kinks along the layers. This
this variation with t.hat. of/. me_asured directly under a achanism is thermally activated with an activation en-
transverse magnetic field. This model states that for Rrgy linearly dependent on the distaretbetween the su-
2D superconductor the dissipation is governed only byyerconducting layers. In the case of the 2212 film SF,
the component oH perpendicular to the CuOplanes. — yith the shortestl value, the dissipation shown in Fig. 5
As a consequence of relation 1, the 2D angular scalingap pe ascribed to this mechanism. The Josephson pene-

law is satisfied for any value of the magnetic field andi 4tion length in theab plane isA; = yd, y being the
temperature. ! ’

J.(H,0) = J.(H sing). 2
7
The scaling described by Eq. (2) is perfectly satisfied even 10 E T Ty
for temperatures nedf.. Figure 4 shows such a scaling 3 + e 35K 3
atT equal to 81 K(T/T. = 0.9). 10° - — SOK_-

We have carried similar measurements on SL2 and the 35K

2212 single phase film SF (Fig. 5). For SL2, relation g

(1) is also satisfied for magnetic fields< H = 20T 3 105 & . 60K |
< 3 B :
-

for temperatures up to 60 K. For higher temperatures,

J.(H,6 = 0) starts to decrease for a magnetic fiéld> i 70K ’
Hy with Hy less than 20 T. Hy is lower for higher 10* | e 75K
temperature (3 T at 75 K) as shown in Fig. 5. The 2D F T X 3
angular scaling law [relation (2)] is perfectly satisfied for [ . ]
T = 60 K. Above this temperature, this law is still valid 103 NPT R R TTT
as long ag7 siné is less tharH,. 0.1 H (T

Finally, Fig. 5 presents also the parallel field depen-
dence ofJ. for sample SF (2212 phase) f@r = 35 K. FIG. 5. Dependence of the critical current density measured
A decrease of/. with increasingH appears at 35 K and ©on both multilayer SL2 (crosseg, = 86 K) and film SF (full

H > 10T. It is more and more pronounced dsin- diamonds,T. = 81 K), as a function of the magnetic field
' parallel to the Cu@ planes, at a given temperature, between

creasesffy = 10 T at 35 K, Ies; than 3 T qt 70 K) [15_]' T =35K and T.. The dotted lines are guides to the eye,
We can now propose a possible scenario to explain thgdicating the decrease of.(H), compared to its zero field
different dissipative behavior in parallel magnetic field of value (solid line).
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anisotropy parameter. In the case of pure 2212 phasdependent on the transverse component of the magnetic
the anisotropy parameter is found to be of the order ofield and stays equal to zero in a parallel magnetic field
250 [17], which is comparable with the crossover value[17]. In this situation, the Cu©double planes appear to
Yer ~ 100-200, with y.. = A4, /d. For y larger than be completely decoupled, and there is no screening of the
ver, the Josephson coupling is strongly reduced. Nowmagnetic field.
we consider the multilayers, which can be characterized

as extremely anisotropic systems. By introducing separat-

ing 2201 layers between 2212 layers, the interlayer spac-
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