PHYSICAL REVIEW B VOLUME 55, NUMBER 17 1 MAY 1997-|

Anisotropy and dimensionality of Bi,Sr,CaCu,Og, , from transport measurements
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We analyze measurements of the anisotropy in seves8rBlaCyOg . , films of different magnetotransport
properties: critical-current density, microwave dissipation, and resistively determined irreversibility line. It is
shown that all those measurements present the same angular scaling property, irrespective of the different
measured quantities. The anisotropy depends on the temperature, accordingly to the quasi-two-dimensional
(2D), decoupled-layer picture. In the same picture, a single parara€tgr(anisotropy ratip is sufficient to
describe the evolution of the angular scaling functions. All the data for all the samples follow the same
identical curve ofe versus the reduced temperature. Departures from the quasi-2D model are observed very
close toT,. [S0163-182607)02017-1]

The interest in anisotropic superconductors has gained irn this work we analyze several experimental results con-
tensive attention after the discovery of the copper-oxide sueerning the anisotropic behavior of transport quantities in
perconductors. Due to their intrinsically layered structure BSCCO epitaxial films, and we show that the obtained
such compounds present strong anisotropic properties: iourvesf(9) depend on the temperature but not on the par-
particular, quantities that depend on the applied magnetiticular transport quantity under study. We also discuss a gen-
field H show a strong dependence on the anglbetween eral interpretative frame that allows one to consistently de-
the direction of the field and the superconductirag b scribe the scaling functions obtained at different
planes. Experimental studfefave shown that, in higli,  temperatures: in particular, from a few K beldy down to
superconductors, several of these quantiflesbey an angu- low temperature thé(9)'s are found to be in agreement with

lar scaling law, at fixed temperatufie the angular behavior of the upper critical field as predicted
for the case of weakly interacting superconducting thick
Q(H,9)—Q[H/f(9)], (1)  planes(quasi-2D mods| while approachind . the data de-

part from this simple 2D picture.

The samples under study are four epitaxial BSCCO films,
grown by liquid phase epitafyonto LaGaQ and NdGaQ
substrates. Sample Il was cut into three pieces for different
measurements. Onto samples | and Il the contacts were at-
tached after the microwave measurements. In Table | we
report the main features of the samples. Large sets of mea-
Hea(3)=Hea, F(9), 2) surements of the surface resistance at microwave frequency

whereH .,(9) is the angle-dependent upper critical field, andRs &t 21 GHz, of the critical-current density and of the
Hep, = H.,(909), the experimental resultl) is easily ex- resistivity p were performed on these samples as functions of
plained. The obtained scaling functiotd) should reproduce
the angular dependence of the upper critical fidlg. We
have previously shown® that in Bi,SrLCaCuyOg.
(BSCCOQ analogous scaling properties are verified also for,

where the scaling functiof(«%) may depend on the tempera-
ture. This scaling property has been predicted in gehésal
thermodynamical quantities, provided th&t>H_.,, the
lower critical field. In this caseQ should depend okl only
through the reduced field=H/H.,(9) so that, writing

TABLE |. Sample parameterd.; has been determined as the
zero resistancéwithin the experimental resolutipn

. . . e .~ Sample Substrate T. (K) Top (K) Measurements
transport measurements. This scaling is not trivial, since
transport properties might be affected by pinning phenomt LaGaO, 79.1 76.7 Rg,H*
ena, which are not taken into account in the mentionedi NdGaO, 82.4 82.2 Rg Je,H*
theory. Also, different dynamical regimé®w-high current, i LaGaO;, 83.1 80.5 Rg,H*
low-high frequency could bea priori differently affected by v NdGaO, 80.4 78.0 H*

the pinning, resulting in different angular scaling functions.
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T v 80 . » samplell, R, T=752K
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5 b 60 = samplell, R, T=80.6K
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FIG. 2. Scaling function$(9) for different techniques, tempera-

i s ]

f \... !

; s 05 (deg) ® (a) samef(9) at the same temperaturéy) increased anisotropy

r 1 with increasing temperature. Different samples present identical

@ tures, and samples. Different techniques on the same sample yield
5
% [ T=78.0K f(9) with a renormalization of the temperature. Continuous lines:
o L ] fits of the scaling functions through E@). The data are shown for
<t 73.0 ©>0.3°, due to the anomaly &dt=0°.

B 70.2 -

] technigue and, provided that a proper renormalization of the
: - L temperature is performed, to the sample under study. In fact,
107 102 10°" 10° data from the same sample give identi¢&d) when taken
H /7 £() (T) with different techniques but at the same temperatseeJ,
) and R, of sample Il atT=75.5 K). In the same figure it is
FIG. 1. Upper panel: scaled data 8f vs the reduced field 515, seen that, at different temperatures, the anisotropy is
H/f(9) at various temperatures. At each temperature, the solid l'n‘aifferent [see f(9) on sample Il atT~75.5 and 80.6 K
is the curve forH, , the solid circles are the scaled data from Moreover.f () from different sampled and Il in the figure
J.(H,9) for ten different angles. Lower panel: similar data for the coincide i,f the temperature of sample | is normalized by a
surface resistandg, . Both kinds of measurements show successfulfactOr ~1.07 (this reflects the differert.'s)
scali_ng_. In_set: arlgular behr_:lvior of the resisti\iely determinec_:l irre- We Wi|.| now show that the evolutioncof .the obtainé)
ﬁ;s:%t?elgree’ ;kg)bihs;vr;np?eﬂrf cusp af=0". All the data in can be described through a single temperature-dependent pa-
rameter. To quantitatively define the anisotropy, one often
| refers to the anisotropy ratias;, defined ass=Hc;/Hco,,
whereH.,,H,, are the upper critical fields parallel and

quency 0.), low current and low frequendp)]. The details perpendicular to the layers, respectively. In terms of the scal-

on the experimental setups and on the operative definition§d function[see Eq.(2)], e=f(0%). However, it is a well-
of J. and of the fielcH* (onset field for the dissipatiomvere known experimental faéthat the angular magnetic response

given in the references quoted. of BSCCO close tod=0° has a strong anomalat least
As can be seen in Fig. 1, where we have reported som{i°™ @ few K belowT, down to low temperaturgsso that

; ; the direct measurement éfat 4=0° can be misleading, and
sample measurements, the scaling rule, (Bg.applies very ) I
well in BSCCO, forJ, andR. At each temperature, bothy ~ & model forf(9)=Hc,(9)/Hcp, is needed to obtain the
andR,, measured at various and 9, collapse onto a single 2nisotropy ratio.

curve when plotted against a properly rescaled fi¢ld(9). Since our experimentdi(:3) varies with the temperature,
Both quantities were measured fror#0 K to a few K be- the effective-mass modebr, equivalently, the Lawrence-

low T, and always showed the scaling property. Bs T, D_oniach .model i_n the strong-c_oupling Iir?l)itcan_not be con-
the field variations of botiR, and J, go below the experi- sidered: in fact, in that model is temperature independent.

mental sensitivity, and it is thus not possible to check this! '® Simplest theory where the apparent anisotropy depends

scaling rule close td .. However, in this region the field* O the temperature is the Tinkham quasi-2D m@débn;ld—
for the onset of the resistivityresistively determined irre- ©€fing the samples as constituted by superconducting slabs
versibility line) could be accurately measuréidset of Fig. (the double CuO I_aye_rs, of th|ckne_d§3 A), separated by a
1). In this casef () is defined as the ratibi* (9)/H* (90°). nonsuperconducting interlayéof th|ckness~s§12 A, when
In Fig. 2 we report the experimental scaling functionstN€ transverse coherence lengtt £, <s/v2,™ the quasi-2D

f(19) as obtained from different techniquéR, , J,, andH*) ~ model predicts

and on different samplesamples | and I, in the figuyeat

different temperatures. This figure exemplifies the first result

of this paper: while the angular behavior at various tempera- _
- - R e : fap(9)=

tures is markedly different, it is insensitive to the measuring

T, H, . This allowed one to check different dynamica
regimes[high-frequency R,), high current and low fre-

Heo(9)  Vsird+4s 2cosd—|sind]
Hep, 2¢%cos 9
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In this casef (9) shows a cusp at=0°, ande is an effective
anisotropy that turns out to increase with the temperature

according to the expression 60‘
X
(M= @

€ e

V1-=TI/T,p

Here, T, is the critical temperature of an isolated supercon-
ducting layer, in principle different from the critical tempera-

ture of the bulk(see Ref. 11 for a theoretical discussion of €

such a case More complete models take into account not 200 | sample| B[ J,| H* - ]

only the limiting cases, but also the intermediate situations, a I Jo L .

in which the magnetic field strength is effective in the deter- i o= = R

mination of the angular dependencetf,(9).1%12 150 - :U D o2 ]
The values ot can be deduced from the fit of the experi- 1 @

mentally determined (&) with Eq. (2). In Fig. 2 we show 100 - Peo’

that the fits accurately reproduce the data. It must be men- [ @g 4

tioned that this procedure, valid from low temperatures to 50 =8l ": N

abou 2 K below T, loses its validity at high temperatures, [ 5 @ o os @ O B H

where the shape of the curt#* (%) changes from a cusplike s A S R

to a rounded behavior through a continuous crossover. The 05 06 07 08 1 T 1

presence and the properties of such a crossover were already
studied, and interpreted as a sighature of a dimensional

crossover2D—3D) asT—T,, due to the divergence @ FIG. 3. Lower panel: universal behavior of the anisotropy

3 : ; . e &(T/T,p) as determined from the scaling procedure on all samples,
atT..” In this regime the only possible definition sfis the through the different experimental techniques. Upper panel: deter-

H * *
ratio Hy /HY . . mination of T, from the linear fit of the data fog%(T) through
To compare the data from all our samples, it is Necessaryy (4) (data for sample )l

to plot ¢ as a function of some reduced temperattre\

consistent choice of this reduced temperaturé=§/Top.  gences of the scaling functions can be interpreted in a natural
The temperaturdl,p is determined by plotting: “ vS T, \yay within a decoupled-layer model, with a crossover to a
since according to Ed4) one hass” (Tpp)=0. As shown in - mgre three-dimensional behavior . It is a result that
the_L_Jpper panel of Fig. 3 for sample I, this linear behavior iSproperties that should depend differently on the pinning obey
verified andTp, (sample 1)=82.25 K. The values ofop for  the same angular scaling law. This common scaling behavior
the other samples are given in Table I. As can be seen in Figg stj|| |ooking for a complete theoretical explanation. More-
3, all the anisotropy ratios collapse onto one single curvegyer, the scaling function coincides with the one predicted

when plotted vs the reduced temperatlifd cp. _ for the upper critical field in the quasi-2D model.
In conclusion, we have shown that a large set of different

transport properties present a unified behavior of their aniso- This work was partially supported by CNR, under
tropic dependence on the magnetic field, following a generafProgetto finalizzato Tecnologie Superconduttive e
scaling rule. The overall temperature and angular deperriogeniche.”
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