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Magnetic field decoupling and 3D-2D crossover in Nb/Cu multilayers
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Physics Department, The Technical University of Denmark, DK-2800, Lyngby, Denmark
(Received 17 July 1996

Transport properties of Nb/Cu multilayers were measured along and across layers. It is shown that not only
the temperature but also the magnetic field parallel to layers can effectively decouple layers and cause the
three-to-two—dimensiondBD-2D) crossover. As a consequence of the 3D-2D crossover, sharpening of the
resistive transition with current along layers occurs due to the appearance of a strong intrinsic pinning in the
2D state. Evidence for the intrinsic Josephson effect in the 2D state is provided both by the periodic modulation
of the dynamic resistance across layers versus the parallel magnetic field and by the multiply biawched
curves caused by flux-flow of Josephson vortices in the stacked superconductor—normal-metal—superconductor
junctions composing the multilayer. By measurements across layers the “breaking field” at which the prox-
imity induced superconductivity in the normal layers of superconductor—normal-thétaCu) multilayers is
destroyed was observed directly. A dimensionality diagram in HeT] plane was deduced from our data.
Reasons for complication of the “Fraunhofer pattern,Z(H), in “long” multilayers are discussed.
[S0163-182606)08046-0

I. INTRODUCTION years especially in connection with high-superconductors
(HTSCO) and organic superconductors. It is well known that

Properties of superconducting multilayeidL’'s) are of HTSC have a layered structure with superconductivity
considerable interest both from the point of view of their mainly confined in the Cu-O layers and exhibit high anisot-
application in cryoelectronics and from the general scientificopy of physical properties. It especially concerns Tl and Bi
point of view. It appears that multilayered structures havebased compounds that behave as layered superconductors in
unique physical properties that are quite different from thosehe sense that they exhibit quasi-two-dimensional properties.
of both bulk superconductors and thin films. These newTlhe dimensionality and the change of dimensionality, i.e.,
properties could be advantageously used for fabrication oflimensional transitions, play a crucial role for the properties
new cryoelectronic devices. Probably the first device of thiof such superconductors. For example the “irreversibility
type was a dc transformer by GiaeveAmong modern ap- line” in the (H-T) plane(the magnetic field perpendicular to
plications of ML structures we mention:(i) Flux-flow os-  layers,HIlic) observed for various HTSC's could be satisfac-
cillators based on stacked Josephson junctions in which eleterily explained by a three-to-two—dimension&8D-2D)
tromagnetic coupling of junctions changes the Swihartphase transition of the vortex lattice caused by the disinte-
velocity? and even more important, frequency multiplication gration of the three-dimensional vortex line and the appear-
could be possible due to generation of higher harmonics thance of quasi-two-dimensional “pancake” vortices in indi-
occurs for different fluxon modes in the statki) ML struc-  vidual Iayers‘? The strong experimental evidence that Tl and
tures could be used in various superconducting particle deBi based HTSC's are layered superconductors is the obser-
tectors. For example, in the x-ray detector the trapping layevation of intrinsic Josephson effect between individual su-
adjacent to the tunnel barrier is employed in order to reduc@erconducting layers® Another important question related
guasiparticle losses and thus increase the resolution of the the layered structure of HTSC is what the properties of
detectot* (iii) The multilayered technology in general could intermediate layers between copper-oxide layers are, i.e.,
provide a new level of integration in Josephson microelecwhether they are superconductir®j, normal,N, insulating,
tronics. An example of that is a Josephson volt standard im, etc. There exist some evidence that several HTSC com-
which the introduction of stacks instead of series connectegounds may have SNS structifé! For understanding of
single junctions could decrease the size of the chip and imHTSC properties caused by its layered structure, experiments
prove the operation of the set@plhe necessary multifilm on model lowT, ML with well defined parameters are of
technology is already now used in single junction devices. great importance. Artificial multilayers are convenient ob-

Superconducting ML’s are also very interesting objectgects for this purpose since their characteristics could be con-
for fundamental science, exhibiting quite unusual physicatrolled and varied over a wide range.
phenomena. Those have been intensively studied in the last One of the peculiar properties of superconducting multi-
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layers(ML’s) is the three-to-tw@3D-2D) dimensional cross- H,(6).2**° In the 3D stateH,(6) has a “bell’-like shape
over which consists of the fact that the ML behaves as beingvith smooth variation ap=0 (parallel to layers while in
uniform across layers af>T,, (3D state, while at lower the 2D stateH,(6) has a “cusp” at#=0 typical for 2D

temperatures individual layers are distinguishable and theuperconducting filmé (iii) Steplike change of the anisot-

ML is in the 2D state. The 3D-2D crossover was observedopy of the lower critical field,a=HZ;/H!;, occurs at

experimentally for various types of superconducting multi-T=T,_ 16 The sharp increase of the anisotropyTat T,y is
layers having different structures such as superconductogaysed by decrease of the core energy for the vortex, parallel
|nsul_ator—superconductQBIS), e.g., Pb/G? superconductor- to layers, and thus by decreasetrbf,, when the vortex core
Zemlconductorl-supe:conductor, e.g., Nb/Sesupercon- ;o pe imbedded betwe&layers.(iv) An influence of the
N%‘;gran_%mvﬁeﬁ —su%ercwgu%% (SNS, d €.9.,  3D-2D crossover on the critical current across laykrsfor

U, 9. an v, supercor_lzouctor— Nb/Cu multilayers was observed in Ref. 25. In the 2D state,
magnetlc;jmetal—superconddudct(()SMS), r—ij.g., V/INi; S'and T<T,p, the slope of the temperature dependeniceT),
SuDerﬁg;]Ng_ffg'sugﬁgmb; lztzgupgrcon uct%r I(S IIS)’h changes and follows the temperature dependence for an iso-
9. | - ana - and some other. In all the 504"\ film, | (2D)~{1—T/T.(Nb)}, while at higher tem-
mentioned cases, independent of the structure of the mult Seraturesl (3D)~{1—T/T (Nb/Cu}. This is caused by the
layers a linear-to-square root transition in the temperaturgact that ir°] the 2D statecthe ordér parameteiSitayers is
de”pendence of the upper critical field paraliel to layers,,qq g jts equilibrium value for the isolated superconductor.
H ¢, (T), was observed, representing the 3D-2D crossover. (v) Appearance of a hysteresis in thev curves (IVC’s)

Thesz%r_eztkj)cally .3D'2D crossover was studied in sevgra\mth current applied across layers &t T,y was observed
papers. The |mportan't stgrtlng point for understandlng ior Nb/Cu multilayers in Refs. 25, 27. This is also evidence
of the 3D-2D crossover is given by the phenomenologicat, e appearance of Josephson properties in multilayers in

. 26 .
Lawrence-Doniach(LD) model:™ As it was shown by o 50 state. The hysteresis in the IVC's is an intrinsic prop-

Lawrenc% an dd Dorgagh,t)prohpertri]es og_layere_d Sljlperc;onducgrty of a Josephson junction and is caused by the capacitance
ors can be described by the three-dimensional anisotropig the junction. With the crossover to the 2D state, Josephson
Ginzburg-LandauGL) equations for disturbances that vary

lowlv with t 10 the interl iodicits. in which junctions with a finite capacitance appear in the ML and
slowly with respect to the interlayer periodicity, in Which 5 ;seg the hysteresis in the IVOsi) Recently the dramatic
case the ML is in the 3D state and behaves as a unifor

"®hange in the characteristic magnetic lengthof Josephson

alcross Igytgrs S?Qﬁm%nfucéor' The naturaj c%ndmr:)n fOL thfunctions and the corresponding change of the periodicity of
slow variation of the GL order parameter Is that the cohery, \nhofer patterns of the critical current across layers,

ence length in the direction across layets, should be (H), in Nb/Cu multilayers was observédThe period of
greater than the mterlayer spacing. The coherence length %fscillations is defined adH=®,/LA, whered, is a flux
the superconducting layer diverges as the temperature agy,anym and. is the longitudinal size of the junction. Far
proachesT.. Thus the multilayer is in a 3D state in the close toT, the multilayers behave as a single’ Sgunction

vicinity of T.. With decreasing temperatuig; decreases (top Nb electrode—Nb/Cu ML—bottom Nb electrodaith
and the crossover from 3D to 2D state occurs Vifhen the magnetic lengtthso=D +2\y,, whereD =Ns is the to-

1 N tal thickness of the MLN is the number of junctions in the

& (Tap)=s/V2. @ ML, and Ay, is the penetration depth of Nb electrodes. On
At lower temperaturesT <T,p, the layers become distin- the other hand, in the 2D state, when the ML consists of
guishable for vortices since the size of the vortex core bestacks of Josephson junctiont;p=s.2° In Ref. 29 the ob-
comes less thas. served ratio,A3p/A,p, Was more than twentyvii) Finally

The 3D-2D crossover strongly influences major propertiegshe 3D-2D crossover and the process of subdivision of the

of the ML. One of the important consequences of the 3D-2DML in individual layers was observed directly from the
crossover is the appearance of Josephson properties in thbange of Josephson properties of Nb/Cu multilayers con-
2D state, when layers are distinguishable and the ML can bsisting of ten stacked Nb/Cu/Nb junctioffsThe sequential
considered as a stack of Josephson junctions. Thus in the 2Dcrease of the voltage of the first Shapiro step in the IVC'’s
state intrinsic Josephson effect between individual layers ofvas observed with decreasing temperature, representing the
the ML exists’” Among the manifestations of the 3D-2D increase of the number of available and synchronized Jo-
crossover we mention the followindi) Linear-to-square sephson junctions in the ML. At temperatures closé t¢he
root transition inH.,(T).12-22 As it follows from the LD  voltage of the Shapiro step always obeyed the fundamental
model in the vicinity ofT., the ML behaves as a 3D aniso- frequency-to-voltage relatioV,=#% w/2e, so that multilayers
tropic superconductor with linear temperature dependence dfehave as a single S% (top Nb electrode—Nb/Cu ML-
HL: HL(3D)~(1-T/T,). However, with decreasing tem- bottom Nb electrodejunction, representing a pure 3D state.
perature the transition to the square-root temperature depefn the other hand, at low temperatures the Shapiro step was
dence occursH \,(2D)~(1—T/T*)Y2 which is typical for  given by V=104 w/2e, so that all ten Nb/Cu/Nb junctions
2D superconducting films. Thus the upturniaf,(T) oc-  were distinguishable and the ML’s were in the 2D state.
curs. This is caused by the fact that in the 2D state vortex The second crossover from the 2D to the 2D strongly
cores are situated betweé&hlayers and cannot destroy su- coupled(2D-2DSQ state could take place in SNRef. 3])
perconductivity in theS layers so that the pair functidigon-  and SSS ML (Ref. 24 with further decrease of the tempera-
densation amplitudein high magnetic fields is almost con- ture. In both cases the 2D-2DSC crossover is caused by the
fined in the S layers® (i) Another manifestation is the increase of the interlayer coupling. For SNS ML this is due
change of the angular dependence of the upper critical fieldp the temperature dependence of the coherence lendth of
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layers which causes the increase of the proximity effect with — T T T T T T T

decreasing temperatute.ln SSS ML the effect is more I Nb/Cu (20/15 nm), ( H1 I) Il layers

trivial and is caused by the growth of superconductivity in 1.0

S’ layers atT<T(S'). -
However, not only the temperature but also the magnetic 0.8

field may influence the coupling between layers. An example o

is the already mentioned 3D-2D vortex lattice phase transi- E 0.6

tion in layered superconduct8ri a field perpendicular to ,f’

layers. Yet it is not the coupling between layers itself but 0.4

rather the coupling of the pancake vortices in the vortex line

that is influenced by the perpendicular magnetic field. When 0.2

the magnetic field is inclined with respect to layers in ML the

vortex lattice transition from the straight to the kinked vor- 0.0 L1 L DT A SRR SN R
tices could occur. Evidence of this type was probably ob- 0.0 0.5 1.0 1.5 2.0 2.5 3.0
served in Refs. 32 and 33. The field parallel to layers on the H (T)

other hand could effectively decouple layers via the phase

fluctuation$* or in the case of SNS ML due to destruction of ~ FIG. 1. Longitudinal resistive transitior(H) for No/Cu ML
the proximity induced superconductivity M layers at a cer- (20/15 nm at constant temperatue=7.2, 6.8, 6.5, 6.2, 5.7, 5.5,
tain “breaking field,” Hy,.3® For example, a typical three-to- 5-3, 5.0, 4.8, 4.6, 4.2, 3(K) (curves 1-12, respectivelin parallel
two—dimensional transition in the angular dependence of th&agnetic field [LH). Sharpening of the transitions occurs at
critical current of Nb/NbZr multilayers was observed with T<T20~5.5 K (dashed curve

the change of magnetic field in Ref. 32.

In this paper the influence of the magnetic field on thethat all the ten stacked junctions had identical propeffies.
coupling between layers in Nb/Cu ML’s is studied. As it was Details of sample fabrication can be found elsewtéré.
mentioned previoushy for direct measurements of the cou- For resistive measurements we used a standard four probe
pling between layers experiments with current applied acrosscheme when the current was applied along layers and a
layers are necessary. Here we present results of resistilperconducting two probéo contact resistantescheme
measurements with the current both along and across layef®r measurements across layers. The differential resistance,
When both the current and the magnetic field are parallel t&Rq, was measured by applying an ac current with a fre-
layers (LH) a sharpening of the resistive transition wasduency of several hundred Hz and an amplitude 5x20
observed af <T,p, which was explained by the appearanceThe voltage was measured by a lock-in amplifier. For dc
of an intrinsic pinning in the 2D state. By resistive measure-neasurements of current-voltage characteristics the signal
ments with the current across layers and the magnetic fiel@as filtered to decrease external noise. The sample was
parallel to layers we observed directly the magnetic fieldPlaced in a He exchange gas and the temperature was con-
induced decoupling of layers and obtained the value of thérolled by a temperature controller in the range 1-20 K. The
breaking field. It was shown that the magnetic field parallelmagnetic field was provided by a superconducting coil and
to layers effectively decouples layers in ML so that themeasured by a Hall sensor.
3D-2D crossover occurs when either the temperature is de-
creased belowl,5 or when the magnetic field parallel to
layers exceeds the “breaking fieldH,,. The ML dimen-
sionality diagram on theH-T) plane was derived from our A. Longitudinal measurements
data. Periodic modulation of the quamic resistance across |, Fig. 1 resistive transitionBy(H) at constant tempera-
layers versus the parallel magnetic field as well as m”|t'p|y'[ureT=7.2, 6.8.6.5 6.2 57.55 53 50, 4.8 4.6 4.2 3.7
pranghed -V curves causgad bY flux flow of'Josephson_vor-(K) (curves 1-12, respectivelyith both magnetic field and
tices in the stacked SNS junctions composing th_e multllaye ias current parallel to layers ( H) for Nb/Cu ML (20/15
were observed and taken as evidence for the intrinsic JOSePRiy are shown(the experimental configuration in this case is
son effect in the 2D state. Reasons for complication of the,,yn schematically in Fig.)4The characteristic feature of
Fraunhofer patterns in “long” ML's are discussed. Fig. 1 is a sudden sharpening of transition§ atT* ~5.5 K
(dashed curve in Fig.)1 This is in contrast to th&y(H)
behavior in a perpendicular magnetic field. In the latter case
R4(H) curves are simply shifted to larger with decreasing

Nb/Cu ML’s were fabricated by rf sputter deposition and T without significant change of the transition width. This is
photolithography. For measurements along layers the sampldustrated in Fig. 2 where resistive transitiofig(H) for
had the form of a bridge consisting of 12 Nb layers and 13magnetic field perpendicular and the bias current parallel to
Cu layers so that top and bottom layers were of Cu to avoidayers are shown at constant temperattire6.2, 5.7, 5.3,
the problem related to surface superconductivity. For mea5.0, 4.7, 4.5, 4.3, 4.0, 3.4, 3(&) (curves 1-9, respectively
surements across layers a special sample with a small crofs Nb/Cu ML (20/20 nn). In Fig. 3 temperature dependen-
section was fabricated in order to increase the sample resisies of upper critical fields{.,(T), obtained by 50% of the
tance. In this case the sample consisted of 11 Nb lafpers resistive transition,Ry(H), are shown for Nb/Cu ML'’s
cluding Nb electrodesand 10 Cu layers thus composing ten (20/15 nm and(20/20 nm) and for the magnetic field paral-
stacked SNS junctions. Previous measurements have showai (open symbolsand perpendiculasolid symbol$ to lay-

IIl. RESULTS AND DISCUSSION

Il. EXPERIMENT



r Nb/Cu (20/20 nm),

0.0 . 1 L
0.2 0.4 0.6

0.0

Il layers, H 1 layers. 1

< (T).

FIG. 2. Longitudinal resistive transitior®;(H) for Nb/Cu ML
(20/20 nm at constant temperatufe=6.2, 5.7, 5.3, 5.0, 4.7, 4.5,
4.3, 4.0, 3.4, 3.4K) (curves 1-9, respectivelyn a perpendicular
magnetic field.

ers. The linear-to-square root transition representing th
3D-2D crossover is clearly seen on tHé,(T) dependence
for both samples. Solid and dashed lines in Fig. 3 represe
the best square root fit to thé.,(T) dependencies. No vis-
ible change in the behavior of the upper critical field perpen
dicular to layers was observed.

We identify the 3D-2D crossover temperatufgp, as the
temperature at which the square root dependésakd and
dashed lines in Fig.)Xrosses thd axis (H=0) rather than
the temperature at which the linear to square root transitio
in H,(T) occurs. We do so not only because the latter tem

perature is not well defined and moreover it depends on th

criterion for determination oH, (see Fig. 3 however, the
main reason is that, as seen from Fig. 1, the change in t
properties of ML occurs at a temperature closeTtg de-
fined above, i.e., at a higher temperature than that defined
the linear-to-square root transitigkig. 3). From Fig. 3 we
obtain T.=7.5 K, T,p=5.6 K for the ML (20/15 nm) and

— T T T T T T T v T T T
4 °‘bh% Nb/Cu multilayers |
o HY (2020nm) |
sl H) (20715 nm)
HZ, (20/15 nm)
- HL (2020 nm) ]
S oL . 1" A
I
1 & g T
A,
hay Py
-
& G:‘&‘AAAAA
0 | 1 000, AR,
1 6 7 8

FIG. 3. Temperature dependencies of upper critical fields
H.o(T), obtained by 50% of the resistive transitioRg(H), for
Nb/Cu ML (20/15 nm and (20/20 nm and for the magnetic field
parallel(open symbolsand perpendiculatsolid symbol$to layers.
Solid and dashed lines represent the best square root fits.
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FIG. 4. The experimental configuration and the direction of the
Lorentz force,F, acting on the vortex for longitudinal measure-
ments in parallel magnetic field.

T.=6.7 K, T,p=5.3 K for the ML (20/20 nm). Thus both the
critical temperature of the MLT., and the crossover tem-
perature,T,p, decrease with increasing thickness of tie
layers in qualitative agreement with calculatidns.

The sharpening of the resistive transitions in a parallel
magnetic field has been already observed for V/Cu ME’s.
The authors explained the change in the transition width with
decreasing temperature by a double dimensional
transition; 3D-2D and 2D-30we would say 2D-2DSLC

&heir idea was supported by the observation of fluctuation

araconductivity of 3D type at high temperature, 2D type at
intermediate temperatures, and again a 3D type at low tem-
perature, and by the observation of the second upturn of

HL(T) at low temperatures. Thus the width of the resistive

transition was assumed to decrease at lower temperatures
with transition of the ML into the 302DSO state.

Although the second 2D-2DSC crossover could take place
in SNS ML with decreasing temperature due to the tempera-

fure dependence of the coherence lengtiNdayers? such
an explanation is unlikely in our case. First of all we do not

Bbserve any upturn dfl L,(T) at low temperatures for our
Nb/Cu samples. On the contrary, as it can be seen from Fig.

h§, the experimenta |,(T) is even less than the square root

dependence at low temperatures. Next, the 2D-2DSC cross-

l:lyver should occur at a temperature much lower than that

corresponding to the appearance of sharpening of the resis-
tive transition. Having studied the fluctuation paraconductiv-
ity behavior we did not observe any unusual change in di-
mensionality at low temperatures. We were able to observe
only ordinary change in dimensionality of fluctuation para-
conductivity predicted by the Lawrence-Doniach mé@isb
that fluctuations had a clear 2D natuter ™~ (1—T/T.) "%, at
T andH aboveT_, andH,,, respectively, and 3D-like nature,
Ao~ (1-T/T,) "2 in the vicinity of T, andH_,. At T and
H lower thanT, and H., paraconductivity did not follow
neither 2D nor 3D behavior, which probably means that an-
other mechanism of resistivite.g., flux flow takes place.
From Fig. 1 it is seen that sharpening of the resistive transi-
tion could occur well below the upper critical fieldurves
5-7) where the fluctuations are not important. Thus we do
observe the sharpening of the resistive transition, although it
cannot be explained by fluctuations in our case.

All this brings us to an alternative interpretation of the
sharpening of the resistive transition in parallel magnetic

field. We start from the assumption that the voltage mea-

sured during the resistive transition has a flux-flow origin. In

Fig. 4 the experimental configuration and the direction of the
Lorentz force acting on the vortex is shown. The transport
current along layers pushes vortices parallel to layers in the
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direction across layers. When the ML is in the 3D state vor-
tices can move freely across layers since the vortex dimen-
sions are much larger than the interlayer spasirigowever, 1.0
in the 2D state the vortex parallel to layers becomes of the I
Josephson type with the core imbedded infth&ayer. Such S
a transition is accompanied by reduction of the fluxon /®
energy*® Now to move the vortex across layers it is neces- S
sary to spend energy for formation of the normal core inthe -~ ¢5
S layer. Then strong intrinsic pinning appe¥rgreventing m°
vortex motion across layers, which sharpens the resistive ™
transition in parallel field. On the other hand, when the mag- &
netic field is perpendicular to layers and the current is along
layers the Lorentz force pushes vortices along layers. Taking 0.0 , . . . . ,
into account that such motion does not change the fluxon 1.75 2.00 2.25 2.50 2.75
energy it becomes clear why the 3D-2D crossover does not H (kOe)
change the resistive transition in a perpendicular magnetic
field, see Fig. 2. As is seen from Fig. 1 the sharpening of F|G. 5. A transverse resistive transition of Nb/C20/15 nm
Ry(H) is developed gradually with decreasing temperatureviL in parallel magnetic fielddashed lingat T=7.5 K. The solid
from curve 4 to 12 so that the region with reduced transitiorcurve represents the derivatigR,/dH(H); the Fourier spectrum
width occupies sequentially a larger partRf(H). This re-  of dRy/dH is shown in the inset for two different field regions.
flects the fact that the 3D-2D crossover itself is not starp; Periodic oscillations of the transverse resistance as a function of
therefore the transition from ordinary to intrinsic pinning is magnetic field are obvious.
not discontinuous so that the intrinsic pinning strengthens
gradually with decreasing below Tp. verse resistance increases sharf@y6—2.7 kOe in Fig. b
due to destruction of superconductivity Mlayers.
The solid curve in Fig. 5 represents the derivative
B. Transverse measurements dRy/dH(H); the Fourier spectrum odRy/dH is shown in
Longitudinal measurements could give only indirect in-the inset for two different field regions. Periodic oscillations

formation about the coupling between layers. On the othepf the transverse resistance as a function of magnetic field
hand, measurements with current across layers do provide@€ obvious. These oscillations in our opinion are caused by
crucial probe of the coupling. For measurements across layhe periodic “Fraunhofer” dependendg(H) with each os-

ers special samples with small cross sec(i@@ um in di- cillation corresponding to the entrance of an additional flux
ametef were fabricatet?’?” (see the inset in Fig.)7 The quantum into the junction. The peridtH~30 Oe perfectly
resistive transition with across layers should start first due coincides with that expected for a single intrinsic junction
to generation of Josephson voltage when the test current edH=®/S, whereS=LA is the quantization area with
ceeds the critical current and finally should turn to the northe length of the junctionl. =20 um, andA the so-called
mal state resistance, in our case caused by the transition ofagnetic length” which for the intrinsic junction is simply
the Cu layers into the normal state, when the parallel magequal to the interlayer periodicity of the Mi®,A=s=350 A.
netic field exceed$l,,. In Fig. 5 the transverse resistance This means that the ML exhibits the intrinsic Josephson ef-
(I Llayers behavior of Nb/Cu ML in parallel magnetic field fect and hence is in the 2D state although for zero magnetic
is shown. The dashed line in Fig. 5 shows fgH) curve field T=7.5 K is deep inside the 3D region. Thus a parallel
of Nb/Cu (20/15 nm ML at T=7.5 K, Hillayers, and magnetic field can effectively decouple layers in supercon-
I Llayers. As it is seen, the resistive transition is broad andlucting ML.

has a long low resistance tail starting from small magnetic At lower temperatures and at smaller resistances the os-
fields. This is due to the fact that our ML'’s are highly aniso- cillatory behavior ofR4(H) was also observed; however, it
tropic, a=10-15, and the lower critical field parallel to lay- was more complicated with some unstable switching, hyster-
ers, Hll, is very small, of the order of few O8.In the esis, and without perfect periodicity. This is illustrated in
transverse measurements the generated voltage is due to flaig. 6, in which low resistance tails &,(H) are shown for
flow motion of Josephson-type vortices along layers. Thehe same Nb/C¢20/15 nm) ML as in Fig. 5 but for lower
pinning for such motion is very weak. To understand this wetemperature§ =6.2, 5.6, 5.2, and 4.9 K. Such behavior is
note that pinning in type-1l superconductors is mainly causeaonsistent with previous observations of a complicated
by a local reduction of the vortex core energy at the pinningFraunhofer patterr.(H), in our Nb/Cu ML (Ref. 29 and in
center. In SNS ML’s with zero electron-phonon interactionstacked Nb/AIQ/Nb ML,*® which is caused by different

in N layers, there is no condensation energyNifayers®’  fluxon configurations with a different number of fluxons in
the core energy of the parallel vortex is caused by extrahe intrinsic junctions®

damping of superconductivity i layers by the vortex in the We would like to note that this “irregularity” of the mag-

N layer due to the proximity effe¢f This energy decreases netic field oscillations caused by irregularity of fluxon entry
sharply with the transition of ML into the 2D statThus a  into the junctions of the ML could be due not only to a
small value ofH, and weak pinning of parallel vortices spread in parameters of the junctions, but could as well be
cause the existence of a low resistance tailRy§H). At  the general property of “long” ML'’s with dimensions along
larger fields, when the breaking field is exceeded, the trandayers larger than the Josephson penetration depth. Let us

Anplitude (arb. units)
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ds d
X X N
S > )\)Z(y=? >\§+?>\§+>\§.
Ll ul
0.04 L i Heredg, dy are thicknesses and;, Ay are the pent_atration
o depths of S and N layers, respectively. Assuming that
x N ;>N\\>\g We obtain
T
« H! (|\/|L)~ai (5b)
0.02 - . cl 47N\
wherea is a constant of the order of unity. From comparison
of Egs.(2) and(3) and(4) and(5b) it is seen that for a thin
layered ML,N>1, s<)\g,
0.00 -t 1'0
H (kOe) Ho(J)>Ho(ML), (6a)

I
FIG. 6. Low resistance parts of transverse resistive transitions of He1(J)>Hey (ML). (6b)

Nb/Cu (20/15 nm ML in parallel magnetic field at. onver te”mpera- Thus from Eqgs.(6a and (6b) it is seen that in the whole
tL:.rest‘Td_G'z.'Hst'G' 552'ha”9' 4.9 K, when the ML is "long.” Com- range of magnetic fields fluxons will not enter simulta-
plicated osciliatory behavior 1S seen. neously all the junctions in the long ML. The IVC of the ML
provides an integral characteristic of all the junctions in the
ML and the critical current reduces each time when an addi-
tional fluxon enters one of the junctions in the ML. Thus in
general different average periodicity in magnetic field could
be observed fronH (ML), Eq. (3), for absolutely irregular
fluxon entrance tdHy(JJ, Eq. (2), for simultaneous fluxon
@, entrance in all junctions.
HO(J\D:E. 2 For “small” ML’'s, L<A\;, there is no such problem
since there are no vortices in this case. The magnetic field is
On the other hand, fluxons will in average enter the ML with N0t screened by the small ML and the flux in all the intrinsic
periodicity junctions will change simultaneously proportional Ko In
this case perfect periodicity with the peridth(JJ, Eq. (2),
d, should be observed as that in Fig. 5.
Ho(ML)= {5 (€)) Oscillations ofRy4(H) similar to those in Fig. 6 were ob-
served also in HTSCRef. 43 and were related to the exist-
in order not to have a big difference between the magnetience of intrinsic Josephson junctions between differentLLuO
field intensity,H, and the magnetic field inductands, in- layers. Oscillations of the critical current in tloedirection,
side the ML. Otherwise large magnetizatod=(B I.(H), for HTSC were observed in Refs. 7, 39, and 44. How-
—H)/4m, will appear in the ML. Equation§?) and(3) be-  ever, one should be careful estimating the interlayer period-
come exact at magnetic fields large compared to the lowecity, s, from not clearly periodic characteristics. As we dis-
critical field when the screening properties of the ML arecussed above occasional or regular switching between
weak. different fluxon modes in ML could cause extra modulation
At low magnetic field another problem exists, i.e., theof Ry(H) andl (H) dependencies so that the interlayer pe-
difference in low critical fields of a single junction and the riodicity could be systematically overestimated. This can be
multilayer?® The lower critical field of the single intrinsic seen from Fig. 6 and it might be one of the reasons for

consider a long ML consisting dfl stacked junctions with
length L and interlayer periodicitys. Fluxons will enter a
single junction in average with periodicity

junction is equal to getting smaller “periodicity” in magnetic field and larger
values in Refs. 43 and 44. Another common feature of our
D, experiment on lowF; ML and that of HTSQRef. 43 is that
He(3)= TN, (4 the oscillations are better defined at higher temperatures. The
reason probably lies in the temperature dependence of the
while for the ML in parallel magnetic field it 8 Josephson and the London penetration depths and of the co-

herence length. All of those diverge with approachihg

Due to the temperature dependence of the Josephson penetra-
tion depth,\;, the junction length may become larger than

N; with decreasing temperature. Our estimation
Here \; is the Josephson penetration depth:and A, are [A;(T=0)~5 um (Ref. 18] shows that for our ML’s this

the penetration depths perpendicular and parallel to layengappens af ~0.2—0.3 K belowT,. At lower temperatures
which for SNS ML are equal 8 the junctions in the ML become long and hysteresis due to
fluxon pinning at the junction boundary as well as a possi-
bility of different fluxon configurations in the ML contribute

to complication of theRy(H) oscillations. The temperature

D
4N gy

A,

HL, (ML)= In

+ 112} ) (5a

ds dy

-2 -2 -2
Ny 2=— A2+ — A2
z IS S S N



15454 KRASNOV, KOVALEYV, OBOZNOV, AND PEDERSEN 54

50 rent (not shown. The characteristic feature of the IVC was
£ R the existence of multiple but distinct branches and switching
joR 2 yf‘ S between those branches while sweeping the current and mag-
40 o Y ot 2 netic field. This is illustrated in Fig. 8 in which a set of IVC's
e P at constant temperaturd;=4.2 K, and different parallel
a0 ¥ o .._ i magnetic fields in the range 1.5-2.0 kOe is shown. Different

symbols represent IVC’s measured in different runs. The ex-
i istence of distinct branches can be seen. On sweeping the
- current, the IVC was following one of the branches and
i could occasionally switch to the neighboring one. Thus
sverr H=1748 Ce sweeping the current up and down at the same magnetic field
. Zﬂ;ii 89 7 it was possible to draw several branches that were repeatedly
eeeoo T © ] reproduced. Changing the magnetic field did not change the
1 . L branches but only changes a set of visible branches. Most of
0.075 0.100 the IVC branches in Fig. 8 contain parts repeatedly drawn at
different magnetic fields.
Multiple branches on the IVC were observed previously
FIG. 7. Transverse-V curves for Nb/Cu(20/15 nm) ML in both for low-T. SIS (Nb/AIO,/Nb) ML (Refs. 5, 38, and 39
parallel magnetic fieldi =1748, 1763, and 1844 Oe, andlat4.2  and for intrinsic HTSC junction®3° Those were attributed
K. The existence of steps with constant vqltage is seen. In the INsgh the switching of additional junctions into the resistive state
the sketch of the sample and the experimental configuration argnd thus the total number of possible branches was equal to
shown. the number of junctions in the stack. This is however defi-
nitely not the case for our ML’s. The number of observed
branches, even those shown in Fig. 8, exceeds ten—the num-

depend f the Lond ion depths and the cohea€". of lunctions in the ML.
ependence of the London penetration depths and fhe Coner 14 o opinion the observed branches on IVC have a

ence _Iength result .in stronger indgctive anq quasiparticleﬂux_ﬂow nature and correspond to different fluxon modes in
coupling of fluxons in stacked junctions at higher tempera—iE

heni h hronizati fthe | , he ML, i.e., different number of fluxons in the junctions.
tures, strengthening the synchronization of the junctions Og, ¢, time an additional fluxon leaves/enters one of the junc-

theDl};lfL. ¢ f des in the ML bett b dtions the total IVC of the ML is switched to the other branch
Iterent fiuxon modes In the aré betler observed, ith lower/higher voltage. The horizontal steps with constant

from thel-V curves. In Fig. 7 IVC’'s across layers of the volta )
. ge on the IVC’s most probably correspond to the syn-
same Nb/Cu20/15 nm ML are shown for three different i 0d motion of fluxons in all the junctions of the ML.

values ogtile:pplied para(ljlel maghnetic fieIdTaZ4.2 !((igg" Previously we have observed synchronization in the same
curre?t ' _ corresponds to the current density samples caused by a small applied rf po#WeFhe well de-
Alem’). In the inset the sketch of the sample and the experigno g synchronization phenomenon in our ML's is enabled
mental configuration are shown. From Fig. 7 it is seen thaﬁue to small thicknesses of the layérs15—20 nm so that

IVC's eleibil'; v;/]ell .defi?(le\(;csfteps with cqn?.taBt voltage. Ilr) both inductive(interaction of fluxons in different junctions
general the behavior o In a magnetic field was compli-, 4 o asiparticle(quasiparticle current flow through the

cated with hysteresis for increasing and decreasing bias CUlihole ML) synchronization are strong. We note that in our

SNS ML’s quasiparticle mechanism of synchronization
could be the most important one. From Fig. 8 it can be seen
that these horizontal steps on IVC's often have the same
voltage for different branches. We can even argue that there
is a fine step structure periodic in voltage on IVC’s that
might be caused by some kind of geometric resonances.

C. Dimensionality diagram

We can identify the field at which half of transverse re-
sistive transition occurs, dashed curve in Fig. 5, as a breaking
field, H,(50%. In Fig. 9 the obtained values &1,,(50%)
along with the values of the upper critical fields extracted
from our longitudinal measurements are shown. Herlg
s : andH ¢, (50%,90% are the upper critical fields fdtl layers

0.07 0.08 0.09 andH|l and L to layers respectively determined from 50%
I(A) and 90% of the resistive transition, see Figs. 1 and 2. The
dashed line in Fig. 9 represents the best square rootHit.to

FIG. 8. A set of IVC's atT=4.2 K and different parallel mag- in the 2D state. The differencl;,(90%)—H,(50%) re-
netic fields in the range 1.5-2.0 kOe. Each run is represented by #ects the width of the resistive transition. It is seen that for
particular symbol. The existence of multiple branches and steghe perpendicular field there is no significant change in the
structure on IVC's is seen. transition width with decreasing as shown in Fig. 2, while
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T layers. (i) At higher magnetic fieldsH L,(T)>H>H«(T),

YR Nb/Cu (20/15 nm) multilayer i the ML is in the pure 2D state and consists of totally decou-
—A—Hl, (90%) pled S layers.
N —A—Hll (50%) -
. 3r ., A 1-12
£ | s - \2D Aﬁgﬁg i1y (90%) IV. CONCLUSIONS
T ot \aﬂ —HTHE (50%) S In conclusion we have shown that the magnetic field par-

wx e . .
%&H 2 o TR, (50%) | allel to layers of superconducting ML effectively decouples

iL P layers and can cause the dimensional 3D-2D transition. By
Quasi 2D transport measurements across layers we directly obtained
the breaking field at which proximity induced superconduc-
0 L L . aiz. % tivity in N layers of SNS(Nb/Cu) ML is destroyed and ob-
02 04 06 0.8 1.0 served the transition of the ML to the 2D state with increas-
T/Tc ing the parallel magnetic field.

As evidence of magnetic decoupling of layers and the
FIG. 9. Dimensionality -T) diagram for Nb/Cu(20/15 nm  3D-2D crossover we observed the followir@. Sharpening
ML. Temperature dependencies of the upper critical field and theéf longitudinal resistive transition in a parallel magnetic field
breaking field are shown. The ML is in the 3D state in a region of(I L H) at T<T,p which was explained by the appearance of
small magnetic fieldsH <H,,(T) and high temperature§,>Tpp.  an intrinsic pinning in the 2D state(ii) Perfect periodic
At low temperaturesT <Tpp, and low magnetic field$i <H(T),  modulation of the dynamic resistance across layers versus
the ML is in a quasi-2D state an”d consists of Josephson coupleghe parallel magnetic field was observed for each period cor-
!ayirs. At h;;ger magn%tlc fields{ °2$T)>:|">def(T)’ tge MLiS  responding to the entrance of an additional flux quantum in
in the pure 2D state and consists of totally decoufddyers. the intrinsic junctions of the ML(iii) Multiple branches on
the IVC'’s across layers, attributed to flux flow of Josephson
vortices in the stacked junctions, were observed, each corre-
o . . sponding to a particular fluxon mode in the ML.
for the parallel magnetic field sharpening of the transition = gpservation of a dc Josephson effect is an important con-
occurs aff <T,p (see Fig. 1 _ firmation of the Josephson nature of the coupling between
From Fig. 9 it is seen that for high temperatures,|ayers in HTSC and other layered superconductors. The dc
Tc”>T>T2Dv the breaking field and the upper critical field josephson effect should in particular give rise to periodic
H ¢, are close to each other. This is not surprising since thgscillations of the critical current across layers and the resis-
coupling here is strong and breaking of superconductivity inyity versus the parallel magnetic field. Although qualita-
N layers causes nearly simultaneous breaking layers. On  yiyely such oscillations were observed both for HTGRfs.
the other hand, aT <T,; the difference betweehl, and 7 39 43 and dyand lowT, ML, 22383%hey were typically
Heo is well defined. This is due to the fact that the coupling\yeak and very complicated, without clear periodicity, which
here is weak and breaking of superconductivigNrayers  fina|ly resulted in a “wrong” value of the interlayer period-
ca”nnot Htotally kill superconductivity ir§ layers. At fields ety “s, of the layered structure. Oscillatory behavior in ML
Hc,>H >Hy,, the ML consist of a stack of decoupledl \yith perfect periodicity inH giving the exact value of was
layers without superconductivity in the direction across lay-gpserved here. General reasons for complication of the
ers since the proximity induced supercor_lductlwtyl\lriay- _Fraunhofer pattern in “long” ML,L>\;, leading to over-
ers is destroyed; however, the ML is _St'”H superconductingastimation of the interlayer periodicity were discussed. There
for the current along layers up to the fiefttl;, of the indi-  re two possibilities to avoid this problem(i) In-plane di-
vidual S layer, which naturally has the square root temperamensions of the structure should be made smaller than the
ture dependence shown by the dashed line in Fig. 9. Thigosephson penetration depth &iig measurements at high
brings us to a \”/ery s_lmple explanation of the square roo{emperaturesvaTc, where,(T)>L should be performed.
dependence dfl ¢;(T) in the 2D state. The temperatufg, |t might be also interesting to understand the dynamics of
obtained from the intersection of the square root dependengg,yqn penetration into the layered superconductor with the
with the T axis (H=0) simply represents the critical tem- change of the parallel magnetic field. We believe that some
perature,T,p=T¢(S), of the individualS layer surrounded preferable fluxon modege.g., a flux latticg should exist,
by a pure normal metal with zero superconducting order pawhich could make the fluxon entrance regular even for long

rameter. _ _ _ S ML’s. Some evidence of this type was observed experimen-
Thus we obtain the following dimensionality diagram of tajly in Ref. 45.

superconducting ML as a function of temperature and paral-
lel magnetic fieldsee Fig. 9. The 3D state exists in a region
of small magnetic fieldsH<H,(T) and high temperatures,
T>T,p. At low temperaturesT <T,p, the layers in the ML
become distinguishable and the ML transits into the 2D state. The work was supported in part by the Russian Founda-
Here we can identify two different regions as a function oftion for Fundamental Research under the Grant No. 96-02-
magnetic field.(i) At low magnetic fieldsH<H/(T), the 19319. One of ugV.M.K.) is grateful to the Technical Uni-
ML is in a quasi-2D state and consists of Josephson coupledersity of Denmark for hospitality.
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