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Superconducting properties of fractal Nb/Cu multilayers

A. Sidorenko® C. Surgers, T. Trappmann, and H. v."honeysen
Physikalisches Institut, Universit&arlsruhe, D-76128 Karlsruhe, Germany
(Received 11 October 1995

Multilayers of Nb and Cu with a fractal or periodic stacking sequence were prepared by electron-beam
evaporation onto sapphire substrates. Their superconductivity was investigated by measuremesuts! dfie
temperature and angular dependence of the upper criticalBigldFor low temperature$<T,, all samples
show the characteristic behavior of two-dimensional superconductivity independent of the stacking sequence,
whereas for temperatures négyr the type of layering determines the effective dimensionality, resulting in a
“multicrossover” behavior in fractal samples.

[. INTRODUCTION Below a crossover temperatuiie,<T. where &£, (T) be-
comes comparable to the SM peridd the behavior be-
The possibility of new mechanisms of superconductivitycomes two-dimensiondPD) with’
in layered materiafsand the recent advances in deposition
techniques have led to the intensive study of artificial modu-
lated structure.In addition, these investigations were moti- Beo)(T)= oo/ ﬁwA§||(T)~(1—T/TC)1’2. (2)
vated by the search for superconducting systems with a

higher transition temperatur€; and new superconductive , , )
puch a dimensional crossover has been observed in the tem-

phenomena. These studies have become particularly impoperature dependend,,;(T) and in the angular dependence
tant after hight ductivit di d in lay- . 2| R :
ant atter Mght ¢ SUpErconcuictivity was Ciscoversd in fay Bo(6) in both types of SM, i.e., in the S/I typeMo/Si®

ered metal-oxide compounds. Experimental studies on artifi: 11 13 14
cial superconducting multilayefSM) have mainly focused Nb/Ge; ~ Pb/C (Ref. 12] and S/N type[Nb/Cu;= V/Cu,

. . Nb/Ta (Ref. 15].
on Tﬁ;,gepe”dence a7 on t.he quula_Uon period. of the At temperaturesT>T_. the dimensional crossover can
S.M’ on the effects of dimensionality, 9. the SO'Ca”e‘]lalso be observed in the dependence of the fluctuation con-
dlmens_|on§1I crossovérand on vortex motion and vortex ductivity o' (T). A change from 3D- to 2D-like behavior of
dynamics. " _ o . o’ (T) with increasingT has been measured in Nb/Gtef.

The possibility of using artificial SM for obtaining new 16) and V/Cul” The dimensional crossover was also ob-
superconducting materials was illustrated by PbTe/PbSgned in the fluctuation conductivity' (T) of YBa,CusO,
multilayers with a critical temperaturél;=5.5 K, which single crystal® and in theB,(T) andB.(6) dependences
were composed of individually nonsuperconducting layers ogt gj ,Sr,CaCu,0, single crystald?
the semiconductors PbTe and P#th an electron concen- In a simple periodic SM there is only one characteristic
tration of ~10" cm~). Another example for dimensional geometric length scale, the modulation peribd However,
effects in SM is the oscillatory dependence Tf on the it is possible to prepare multilayers with several different
thickness of the superconducting layer and of a number ofeometric length scales, i.e., one-dimensional quasiperiodic
kinetic characteristics on the compositional modulation pestructure$’ and self-similar or fractal geometriésin these
riod A in Mo/Si multilayers? systems the temperature-dependent ratig ofo the differ-

SM can be composed of either superconductor—insulatognt geometric length scales may lead to new physical phe-
(or semiconductgrlayers which are coupled by the Joseph-nomena. The motivation to study such geometries stems in
son effect(S/I type), or superconductor—normal-metal layers part from the numerous examples of fractal structures that
coupled by the proximity effectS/N type. Of course, a exist in nature, and also because of their relation to inhomo-
superconductor with a much low&g, can play the role of the  geneous materials—percolative thin films, ceramics, and net-
normal metal in the S/N type SM. works. A particularly nice example are two-dimensional su-

Because of the strong temperature dependence of thserconducting fractal networks like Sierpinski gaskets,
superconducting  Ginzburg-Landau  coherence  lengtiivhere the fractal structure is directly reflected in i)
&(T)=¢(0)/J1—TIT,, a dimensional crossover can occur phase-transition liné
as a function of temperaturé. Near T, the perpendicular In this paper we present the results of our investigation of
coherence lengtl§, is large, &, (T)> A, and superconduc- the superconducting properties of Nb/Cu multilayers with a
tivity extends over many layers. In this region a three-fractal stacking sequence, in particular the behaviofT of
dimensional3D) anisotropic behavior with a linear tempera- andB.,, extending the previous work on fractal Nb/Cu mul-
ture dependence of the parallel critical field is observed: tilayers, where a preliminary report of soni, data was

already giverf> However, for practical reasons one is limited
to only a few self-similar length scales. Nevertheless, fractal
Beo|(T)= o /27&(T)EL(T)~(1=TITy). (1) features can be clearly identified.
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FIG. 1. Geometric structure of fractal superconducting multilay- o Nbfilms (Sy) ~
ers(SM) S, with D;=0.63. Dark areas indicate the superconduct- R J
ing, light areas the normal conducting layensis the number of 0 1 ] ] 1
repeat scales. 0 10 20 30 40 50

1/d (102 A)

Il. SAMPLE PREPARATION AND CHARACTERIZATION
FIG. 2. T, of single Nb films as a function of inverse film

hthickness: Open circles—films capped with a Si layRef. 26.
Solid circles—this work, wherd is the “true” Nb thickness with-
out a 20-A thick Nb oxide layer. Solid lines are guides to the eye.

The Nb/Cu multilayers were prepared in an ultrahig
vacuum systentbase pressure 10 1% mbap. Two electron
beam sources were used for evaporating(8899% purity,
Metallwerk Plansee, Reutte, Austriand Cu(99.999% pu- . . ) o
rity, Johnson Mattheyonto sapphirg1120) substrates with critical .mggnetlc f{?'CBcz were defined as the midpoints of
evaporation rateRy,=0.4 A/s andRg,=1A/s. Film thick-  the resistive transitionR(T) andR(B).
ness and evaporation rate were controlled by quartz-crystal
oscillators. The deposition region was surrounded by a . RESULTS AND DISCUSSION
liquid-nitrogen-cooled shroud. Thus, the pressure could be
kept below 5<10 ° mbar during evaporation. Further de-
tails of the system have been described elsewffefihe Before presenting data for SM, it is instructive to look at
substrates were outgassed at 700 °C for 10 min and sputtergide T, depression of Nb single filmsS{) with decreasing
by a 1-keV Ar" beam for 5 min to clean the surface from thickness as shown in Fig. 2, together with data from Park
carbon contaminations. They were heated to temperatures ahd Geball€® The latter films were covered with a thin Si
~1000 °C to allow recrystallization of the ion-bombarded layer. In contrast, the presence of a nonsuperconducting ox-
sapphire surface. This procedure yields a clean and welide layer of about 20 A as determined from x-ray reflectivity
ordered surface as checked with situ reflection high- measurements has to be taken into account in our films.
energy electron diffraction and Auger electron spectroscopyThis oxide layer unavoidably builds up in ambient air during
The deposition temperature was 30—40 °C to avoid mutuathe transfer of the samples from the UHV chamber to the
interdiffusion between the layers. cryostat. Hence, the thinnest Nb single films and SM were

The geometry of the prepared fractal multilayers iscapped with an additional 20-A Nb layer to compensate for
sketched in Fig. 1. For a given set of fractal SM we havethe reduction of the superconducting layer thickness due to
chosen to keep the thickness of the superconducting layethe oxidation. In Fig. 2 we plof; versus the presumably
constant ¢ly,=d=cons} and to vary the normal-metal “true” Nb thickness without the oxide layer. Both data se-
thickness according to the triadic Cantor Seffaking the ries show an almost lineaf . depression with increasing
dividing factorr to be 1/3 we obtained structures with the 1/d, which is stronger for the present samples, especially at
fractal dimensionD;=1In2/In(1/)=0.63 between the two smalld. The depression was explained earlier by three main
limits D=0 (single superconducting filmr,=0) andD;=1 mechanisms including proximity, localization, and lifetime
(periodic SM,r=0.5). The total thicknessl,,; of a fractal broadening effect® The latter seems to be important in our
multilayer S,, with a number of repeat scalesis given by  samples, since the residual resistivityy= p(10 K) changes
diot(Sh) = (1)~ 1. (d/r). In addition, we prepared periodic drastically ford<100 A, i.e., faster thami~*, presumably
SM with n bilayers of Nb/Cu capped with an additional Nb due to an enhanced grain-boundary scattering for sohall
layer. Therefore,P, denotes periodic SM which actually (Table ). For these films we also observe a stronggde-
have f + 1/2) periods. pression compared to the Si-capped samples of Ref. 26,

The measurements were performed in“de cryostat which is possibly due to the proximity effect caused by the
equipped with a superconducting solenoid providing fieldsnonsuperconducting but metallic oxide layer. The difference
up to 5 T. The temperature was measured with a carborbetween both data sets increases linearly with increasing
glass thermometer which was calibrated against a Ge thef/d. This is in good agreement with the proximity-effect
mometer in zero fieldT was controlled in the range of theory in the thin-film or Cooper limit, where both thick-
1.5-10 K with an accuracy of1 mK. The small magne- nesses are much smaller than the coherence I&Rghthis
toresistance of the carbon-glass thermometer corresponds ¢ase, the usual exponential decreasd ofs a function of
a maximum deviation of 10 mKtab T compared to the inverse film thickness can be approximated by a linear de-
temperature in zero field. The resistivity measurements wererease if the normal film is sufficiently thin.
performed with an ac bridge using the conventional four- In the following we discuss the data of SM. Table | gives
probe method. The critical temperatufe and the upper an overview over the properties of all investigated samples.

A. Transition temperature T
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TABLE |. Properties of investigated samplesee text for symbo)s

Nb Sample Dy diot Te (0 P10 R300/R1o
d (A) A) (K) A) (u€2 cm)
354 S 0.63 105 4.65 121 24.3 1.30
S, 0.63 315 3.07 283 6.13 1.85
S; 0.63 945 2.31 530 1.86 3.10
508 S 0 50 4.98 79 61.7 1.34
S 0.63 150 5.04 131 15.2 1.42
S, 0.63 450 3.80 220 5.01 1.78
S; 0.63 1350 3.30 311 1.46 3.58
Ps 1 350 4.07 161 18.1 1.34
P, 1 750 4.27 183 12.3 1.44
1002 S 0 100 7.31 82 34.9 1.79
S 0.63 300 6.64 120 7.17 2.21
S, 0.63 900 5.66 160 2.24 2.72
S; 0.63 2700 5.68 166 1.09 4.55
Ps 1 700 6.15 148 6.2 1.75
Pia 1 2700 6.26 158 5.7 1.78
175 So 0 175 8.75 108 6.35 4.03
S 0.63 525 7.61 135 3.66 2.86
S, 0.63 1575 6.89 133 1.54 3.66
S; 0.63 4625 6.85 138 0.68 5.50
Py 1 1575 7.67 133 5.03 1.91
Ps 1 2275 7.64 134 4.99 1.95
600 S 0 600 9.34 131 1.70 11.82
S 0.63 1800 8.89 118 0.92 6.45
S, 0.63 5400 8.79 119 0.44 7.57

The single filmS, and the outermost layer of SM had an additional 20-A Nb ldgee text

For periodic SM theT. depression with decreasirdjis in  layers. One observes three typesTqf behavior forf-SM:
good agreement with an earlier study on Nb/Cu multilayerg1) For large d=600 A (curves “A”) T(S)=T(S,),
for which the deGennes-Werthamer theory of the proximitysuggesting thaf, does not depend strongly on the fractal
effect was applied,using T, of the individual Nb layers as scale numben; (2) for intermediate thicknesseb=175 A
an adjustable parameter. There, it was shown Thasf Nb  (curves “B”) andd=100 A (not shown in Fig. T, de-
changes fod<300 A in agreement with th& (d) depen-  creases betwee§, and S, and remains constant for>1,
dence of single Nb films. T(S)>T(S) =Te(S3); (3 finally, f-SM with very thin
Figure 3 shows the resistive superconducting transition&lb layers =50 A, curves “C” in Fig. 3 show a strong
for three sets of fractal SMf(SM), all with a fractal dimen- depression of T, with increasing n: Tc(S;)

sion D{=0.63, only differing in the thicknesd of the Nb  >Tc(S2)>T(S3).
Obviously, the type of layering and not the outer layers of

our f-SM (which always have Nb as outermost layedster-
mine theirT,. behavior. This fact is documented by the data
* S of Table I, whereT_’s of periodic multilayers p-SM) with
*5; different d are shown. For a given thickneslsof the Nb
45 layers, T, of p-SM is higher tharT, of f-SM (with n>1)
with the same total thickness,,; or the same number of
layers. In addition, for “fractals”S;, T, is always higher
than or equal tdr . of p-SM with the same Nb thickness.
Figure 4 showsT. vs 14 for different f-SM, as well as
for p-SM. In all cases the main effect is the decreas& of
with decreasingd, as expected. However, the different be-
havior of the fractal SM described above is clearly visible. In
b particular, T, decreases with increasing for f-SM with
T (K) smalld, while for p-SM it stays constant or even increases
slightly with increasing number of modulation perio@se
FIG. 3. Resistive transitions of three series of Nb/Cu fractal SMTable .
normalized toR,=R(10 K). Curves A:d=600 A, B:d=175 A, The transition temperature of multilayers with a fractal
C:d=50 A stacking sequence has been calculated by Yuan and
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FIG. 4. T, of Nb/Cu fractal and periodic SM vs inverse Nb Loy, gy
thickness 1d. Solid lines are guides to the eye. Dashed curves 0r 4, " T
show the theoretical calculatigRef. 30 for f-SM S;, S,, S; with 0 P B TR B | M_
D;=0.63 (see text for details 0.2 0.4 0.6 0.8 1
T/T,

Whitehead® in the frame of the Werthamer theory of the

proximity effect. In certain limiting case, of f-SM can be FIG. 5. Parallel critical magnetic fielB.,(T) () and perpen-
expressed in terms of scaling laws involving the self-similargicylar critical magnetic field.,, (T) (b) vs reduced temperature
geometry of fractal multilayers. The theory gives the reducedr/T_ for a single Nb film(solid circles, a periodic SMPg (open
transition temperature=T/T2" as a function of the reduced circleg and a fractal SMS, with D,=0.63 (solid triangles with
thicknessé=kd/ &,, wherek is a numerical parameter and d=175 A. The crossover temperaturg are marked by arrows.
&, the BCS coherence length. We usEd'*=9.38 K (Ref.  Each curve is shifted upward by 0.5 T for clarity.

32) and ¢,=430 A for bulk Nb (Ref. 31) to compare our

results forf-SM with the theoretical expression f@; to  thin Nb film (D{=0), a p-SM (D;=1) and an f-SM
S; (dashed curves in Fig,)4k was taken to be 7.17 to yield (D{=0.63. At low T all samples show 2D behavior of
the closest possible agreement between the theoretical curvBs, [Eqg. (2)] and are characterized by an effective thickness
and the experimental data for thick filmd£600 A). Al-  d= \/1—2¢0/2ch2”§“:200 A which is close to the thick-
though qualitative agreement between theory and experimeniess of the Nb layersd=175 A) for these samples. The
is observed in the sense of a progressivig $plitting” with single film clearly exhibits the 2D square-root behavior of
decreasingd betweenS; and f-SM with largern described B, (T) at all temperature3 <T., whereas thel depen-
above, quantitative agreement is lacking. Theoretically, anlence ofB.,(T) for f-SM and p-SM distinctly changes
equal diffusion constant was assumed for both normal metaibove a crossover temperatufg (marked by arrows In
and superconductor which is not the case for Cu and Nbhis region, T,<T<T,, Bco|(T) can be described by
Furthermore,T.. of the individual superconducting layers is

assumed tp be independent of their thickness, the w'ho'le en- BczH(T)~(1—T/TC)f, 3)
semble being subjected toTa depression via the proximity

effect. Contributions such as weak localization and electronghere the exponent strongly depends on the reduced

electron interaction which can caus& adepression are not sample thicknesd,y /&, as shown in Fig. @). f was deter-
c_onsidered. However, suc_h effects might not be i”_‘porta”Fnined from a log-log plot 0B (T) vs (Tc—T)/T, [Fig.
since x-ray-diffraction studies show that for layer thICkneSS6(b)]_ For dy/€,<2 all samples exhibit 2D behavior, i.e.
dp, dey>10 A the layers are very regularly stacked alongf — 5[Eq. (3)], in the whole temperature range< T, inde-
the growth direction exhibiting superlattice lines around thependent of the type of layering. In simple terms, the
- 3 . . . . L
Bragg rgflectloné. Another po§3|ble c_ontrllbutlon to thE, B.(T) dependence nedr, is not affected by the different
depression \./vh|c.h is not con5|dered in this paper, could b?ength scales ifd,, is smaller thang,. For samples with
due to strains _m_troduced by differences in the thermal-dtotlgozz the type of layering determines the exponent: For
expansion coefficients between Nb, Cu, and the substrate. p-SM as well as forf-SM with n<3 (S, andS,) 3D behav-
ior, i.e., f=1, is observed, whereas fract&s clearly show
f~0.75. According to the Matijasevic-Beasley scaling
Figure 5 shows the temperature dependence of the upperodel?! nearT, the stronglyT-dependent coherence length
critical fields B¢y and B¢, for three different samples: a £, (T) becomes successively comparable to the different

B. Critical magnetic fields
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FIG. 7. Angular dependence of the critical magnetic field
FIG. 6. (a) Exponentf vs reduced thickness,y/¢, for f-SM B.,(6) at different T/T, for f-SM S; with d=175 A and
andp-SM. Dashed lines are guides to the efl®.Log-log plots of  D=0.63. Solid curves are fits using the Tinkham forn{i#g. (5)],
B¢y vs reduced temperature fdrSM samples §,-S;) with dashed lines show fits using the Lawrence-Doniach thEeaqy(6)].
d=100 A andD;=0.63. Solid lines show the fits ned to obtain
f according to Eq(3). behavior of ourf-SM can nicely be observed in the angular
dependenc®.,(0), whered is the angle between the film
fractal scales. This leads to the “multicrossover” of the par-plane and the applied magnetic field. Figure 7 shows
allel critical magnetic fieldB¢(T) which should be almost B_,(6) for S; (D¢=0.63 at different reduced temperatures
2D-like with a logarithmic correction: T/T.. Obviously, at all temperatureB.,(6) follows the
Tinkham equation for a 2D superconductowith a cusp at
Bezy(T) bo —(1-H)YIn(1-1). (4 an orientation parallel to the magnetic field=0):

" 2mg(Ma(m ,
Beo(6)sin( 6 Beo(6)cog 6
This dependence arises from a self-consistency condition im- 2 )sin( )‘+( CZ(B) i )) =1
c2|

posed on the transition temperature and the coherence
21 :

length™™ Over a small temperature interval né&y, Ed.(4)  The Lawrence-Doniach approximation for a 3D anisotropic

may be approximated by an algebrdicdependencé¢Eq. superconductdf

(3)]. For samples with a fractal stacking sequence an expo-

nent 0.5<f<1 is expected from the scaling motfeand this do

i i i Beo(0)= -

is observed for all sampleS; in the temperature region c2(6) 2w§f(T)[sm20+(BcllBC“)Zcosza]l’z

To<T<T,.

Turning toBc, (T) [Fig. 5(b)], no simple behavior in the js not compatible with the data. The difference between the
context of the theory of Werthamer, Helfand, andwo types of behavior is seen particularly well near0. In
Hohenberg,’ and Maki*® is observed for fractal and periodic symmary, we find that at low temperatur@s<(T,,) the 2D
SM. B, (T) shows the expected linear behavior n&ar  pehavior of fractals is governed by the dimension of the Nb
but for temperature$ <0.8T. a positive curvature is clearly |ayers, while forT,<T<T, the curvature 0By (T) and
seen. However, this has nothing to do with the fractal stackthe 2D behavior 0B.,(6) reflect the multicrossover regime
ing sequence and has also been found in previous studies g§ a result of the existence of a series of length scales in the
periodic SM including Nb/Cu and Nb/Ta multilayer$!®  syrycture. Literally speaking, at any given temperature the
The origin of this curvature in the temperature dependence of s\ “offers” a layer arrangement with the “correct” ef-

Bco, is still unclear. In order to extract an estimate for thefective thickness to match the respective coherence length
Ginzburg-Landau coherence length we calculdgd) from ¢ ().

the slope ofB.,, (T) at T,

®)

Beoai |

(6)

EH(O) — [ —d BCZL(T)/dT\TC 27TTC/¢O] —-1/2 IV. CONCLUSION

(Table ). S/N multilayers consisting of alternating Nb and Cu lay-
For a few multilayers, the complete angular dependencers with a fractal stacking sequence and a fractal dimension
of the upper critical field was studied. The multicrossoverD{=0.63, and also with the two limiting cas€ =0 (thin
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superconducting fillnand D=1 (periodic SM were pre- the multicrossover behavior in fractal SM, as long as the
pared. The samples show a dependence of the transition temi-dependent coherence length is comparable to a certain
peratureT. on Nb thickness and number of repeat scales irscale of fractal.

qualitative agreement with the proximity-effect theory devel- One might speculate that the existence of a number of
oped for multilayered superconductors with a self-similarsuch scales in some other systems, such as quasipetiodic,
structure®® The behavior of the parallel upper critical mag- randonf and textured film& might be the reason for the
netic field is directly related to the type of layering. anomalous curvature in the critical fiel, (T) nearT of-

At low temperaturesT<T,) all samples exhibit the same ten observed in these systems. Hence, artificial SM with frac-
2D behavior essentially governed by the topological dimental geometry are a suitable model object for either theoretical
sion of the individual superconducting elemefite., 2D), simulations or experimental studies of the real disordered
independent of the fractal dimensionaly of the samples. superconducting systems.

The layering geometry is, however, important in the tem-
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