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Angular dependence ofl (H) in Bi,Sr,Ca,Cu30O, tapes

W. W. Fuller-Mora
Naval Research Laboratory, Washington, DC 20375
(Received 27 June 1996

Measurements of the critical curremt,, as a function of the angle between the applied magnetic field and
the face of a BiSr,CaCu;0, tape have been performed. Definiigs the angle between the basal plane and
the magnetic field but perpendicular to the current, the data do not scale wel\gitl{6). For a given value
of magnetic field, a® increased . decreases much faster than would be expected from a simt® Ew.

This paper shows that other scaling functions, based on the anisotropy of the critical field, fit the data much
better over the entire angular ran80163-182606)09441-9

INTRODUCTION magnetic field of 0.2 and 0.4 T, while the sample was im-
mersed in liquid nitrogen. The dewar was inserted into the
There have been many studies of the critical current ofoom temperature bore of a split coil superconducting mag-
Bi,Sr,Ca,Cu;0, tapes as a function of magnetic field and thenet. Measurements of the critical current were taken with the
angle that the field makes with the sampié.In the refer- applied magnetic field oriented from10° to +125° with
enced papers, the authors find that the data scales reasonat#gpect to the plane of the tape. In this page0° is taken
well with H sin(#) over much of the range dfstudied. They as being when the magnetic field is in the plane of the tape,
have interpreted the fact that the data deviates from this scaput perpendicular to the current. At all times the field was
ing at low angle as being due to misalignment of the graingerpendicular to the current in the tape. The orientation of
in the tapes. In a paper by Hao and Chdiris suggested that the field, current, and sample are shown in the inset to Fig. 1.
the data from the various high temperature superconductorhe data were collected by a computer which also controlled
should be able to be explained by the same theory. Thithe current source. The current was gradually increased as
would lead to the scaling of (H,#) with the same func- the voltage along the sample was measured. A measurement
tional form for all the materials. They point out that a criterion of 5uV/cm was used to define the critical current.
1/sin(6) scaling function will not explain what has been ob- Choosing another criterion did not effect the data analysis
served in YBaCu;O;_s and La ¢Sr, ,CuQ,. (Here the con-  significantly.
vention that the scaling functior, appears aki/f for scal-
ing of the magnetic field is being usedhese authors show DATA AND DISCUSSION

that the differences in the Gibbs free energy between the ) . ,
superconducting and normal states is a function only of The normalized critical current as a function of angle of

H/H,(6) for H>H,,, leading to the use of other scaling the applied magnetic field is shown in Fig. 1. It can be seen
functions. This procedure was used in a paper discussing the

scaling of the angular dependence of the critical current in an T T
epitaxial film of BierZCaCl;zOB.6 In Ref. 6, it is shown that j o H=02T Acaxis ]
several functions derived from expressions for the upper 10 L 4| H=04T 1
critical field, H,, in Josephson coupled layers or thin films I T . i
fit the data. The best fit of the data is to a scaling function ¥ [ &% Ql \a/\é‘ }I
derived from an expression fdi ,(T,#) originally devel- E 0.80 | 4 I ~Tranis]
oped by Tinkharhfor thin films. We have scaled our angular S r A > 1
dependent data, as well as that of others, to these lower di- @6 0.60 te
mensional equations. Surprisingly, these more complicated * i A'-. ]
scaling functions are a very good description of the data for 0.40 | SR e ]
rolled tapes. i s A
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As part of a program to investigate Bi,CaCu0, tapes
the critical current as a function of applied magnetic field at g\ 1. The normalized critical current as a function of angle for
77 K was measured. The tapes were made using the powde{-;,sr,Ca,Cu,0, tape for two applied magnetic fields, 0.2 T and
in-tube method. All of the studies involved short pieces ofg 4 T at 77 K. The critical current is normalized to the maximum
the tapes; a typical sample being 2 cm long, 5 mm wide, angalue for a given field. The insert shows tits the angle between
0.3 mm thick. Thec axes of the grains in the tape were the magnetic field direction and the plane of the tépe ab plane
aligned predominately with the normal of the tape. Measureef the Bi,Sr,CaCu0,). In all cases the magnetic field is perpen-
ments as a function of angle were performed at an appliedicular to the current in the tape.
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that the critical current falls off rapidly as the magnetic field
moves out of the plane of the tape. The figure shows that a [ ' '(;)' 1
change in the field orientation of only 10° from the parallel i ]
direction causes nearly a 20% reduction in the measured - T
critical current. N

If 1. were to depend simply on the component of the field 10.0
parallel to thec axis of the grains, one would expect the data
to collapse onto a single curve, at a given temperature, when
plotted againsH sin(#). The data are plotted in this fashion
in Fig. 2(@). Figures 2b) and Zc) show similar data from
other groups:® It is obvious that the data deviate from a
1/sin(6) scaling behavior at low angles. This discrepancy
has been interpreted in the past as being due to a misalign- L o
ment of the grains in the rolled tap&$*8This is a plausible o.1 1
explanation since one would not expect the grains of H sin(60)
Bi,SrL,CaCu0, to be perfectly aligned in a rolled tape. In
fact fitting 1.(6) at a constant applietl to sin(6) with a
Gaussian distribution of grain orientation gives reasonable 10
agreement with dati.

However, perhaps a different scaling function should be
examined. In their paper on scaling of the critical current in
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films of Bi,Sr,CaCuyQg, Fastampat al® show that it is pos- < I ]
sible to use an expression derived from the angular depen- .9 3.0 L -
dence of the upper critical field to scale their data. In their F ]
paper they show thalt.(H,8)=1.[H/f(6)] where f(6) is C ]
the function needed to collapse the curves onto the curve for - ]
| .(H,90°. From the work of Hao and Clehit is known that " ]
the Gibbs free-energy difference between the normal and su- 0.10 P BT B ‘%l
perconducting states is a function BffH.,(6) and notH 0.001 0.01 0.1 1

alone. Fastampat al® thus used the anisotropic behavior of H sin(0)

the critical field as a scaling function. They investigated two — T T T

different models. The first expression was derived by . (e¢)
Tinkhant for a thin superconductor of finite thickness: 10 Fo 0" % ﬁ%"‘g”‘&: E
[He2(0)Sin(0)| | [Hea(0)cog 6)]2 i » % ]

= (1) — 0 o
Heol Heoy < i . T
. . . ° ¢« Theta = 90° .

The second was for the case where there is an anisotropic = 1.0 o H=00475T A E
effective mass, which implies an anisotropic critical mag- - x H=0.0592T U 1
g C = H=0083T ]
netic field: [ + H=01084 T ]
Hea(0)Sin(0)]2 [Hea(0)cog 6)]2 [ H=0se0T ]

= }+ = }:1. ) 0.00 b vt i
Hea, Hez "0.001 0.01 0.1 1

H sin(0)

In these expressionl.,, and H.,, are the upper critical
field when the field is in the plane and perpendicular to the

plang of0 the superco'nductolr, respe_ctively. Lawrence and F|g. 2. The critical current of a B8r,Ca,Cu0, tape as a func-
Doniact® used an anisotropic effective mass approach tqjon of the scaled fieldH .o =H/f(6). For this graph the scaling
derive expressions fdfl.;; andH,, in terms of the coher-  function is f(6)=1/sin(6). (a) The data taken at NRL. The data
ence length for Josephson-coupled layers. Equat®nis  labeled #=90° is thel (H) curve that thel(H,6) data should
also basically the same as that derived by Katzin con-  collapse onto via scalingb) The data reported by Willist al.
sidering layered superconductors in a Green’'s functionRef. 1). (c) The data reported by Het al. (Ref. 3.

method. Following the paper of Fastamgizal® the scaling
functions are obtained from these expressions by considering

1
fL(0)= .
Hep=He. £(0). U= ST e 2002(0)

This immediately leads to the following scaling functions:

4

Here € is the anisotropy ratio of the critical fields,

1
fT(6)=m[\/sir12(0)+4s‘20052(0)—|sin(0)|], _ Hey

®) Heot
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FIG. 3. The critical current of a B6r,CaCu0O, tape as a func- FIG. 4. The critical current of a B8r,CaCu;0, tape as a func-

tion of the scaled fieldH¢.,H/f(6). For this graph the scaling tion of the scaled fieldH ., =H/f(6). For this graph the scaling
function isf(6)=f(6) [Eq. (3)]. (8) The data taken at NRL. The function isf(8)=f_(6) [Eq. (4)]. (@) The data taken at NRL. The
data labeled®=90° is thel .,(H) curve that thd .(H, #) data should data labeled=90° is thel .(H) curve that the .(H, #) data should
collapse onto via scalingb) The data reported by Willi®t al. collapse onto via scalingb) The data reported by Willi®t al.
(Ref. 1). (c) The data reported by Het al. (Ref. 3. (Ref. 1). (c) The data reported by Het al. (Ref. 3.

In the anisotropic effective mass model, bothdependence foH, =¢y27é and Hy=g¢y/27éd and e
Heo, = @o/2mE? andH gy = oo/2éE, have the same tempera- will be temperature dependent in Tinkham’s model.

ture dependence, namely that of the coherence length.dhus The NRL data, as well as that from other grodpsare
does not change with temperature. Héris the coherence plotted in Figs. 3 and 4 as a function bifff(6). Figure 3
length in the basal plane, arfd is the coherence length in uses the scaling function obtained from Tinkham'’s expres-
the c direction. In the model for thin superconductors of sion for the angular dependence of the critical field in thin
Tinkham! the fluxon core is constrained to the thickness ofsuperconductors. In Fig. 4 the scaling function comes from
the superconductod, when the field is in the parallel orien- the angular dependence of the critical field when there is an
tation. This means that there will be a different temperaturenisotropic effective mass or a layered superconductor. The
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critical field was not measured during this study. From earthat the grains would have to be very well aligned to obtain
lier critical current data taken in the perpendicular and para good fit. In a rolled tape the misalignment between the
allel directions an estimate could be made thate46. A  grains can be as much as 10°. However, looking at the scaled
value closer to 6 seems to give the best results. For lack aksults it is obvious that these functions derived from expres-
any better information, a similar value was used for analyzsions for the critical field in thin or layered superconductors
ing the data from other groups. Since all data was reportedcale the data very well.
on rolled B, Sr,CaCu;0, tapes, this is a reasonable assump-
tion. As can be seen by comparing Figs. 2, 3, and 4 either the
Tinkham or anisotropic effective mass model scales the data
better than the simple 1/4i). In order to distinguish be- | would like to thank the American Superconductor Cor-
tween these two scaling functions, it would be necessary tporation for providing the Ag-sheathed,Bi,CaCu;O, tape
have a more complete set of temperature dependent data. used in this study. | would also like to acknowledge financial
It is not clear why these functions scale the data so muclkupport from the Office of Naval Research. Robert Soulen
better than the 1/s{i). For either function one would expect provided a critical reading of the manuscript.
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