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Magnetization measurements of the critical current denkityn Nb 47 wt % Ti with Nb artificial
pinning centers revealed that the shape and magnitude of the field dependent magnetization
hysteresisAM (H) was a strong function of the sample length and thd (H) for short wire
samples was up to six times smaller than for long wires. This is caused by the strong anisotropy of
the critical current density.. The magnitude of. flowing perpendicular to the wire axls was
deduced to be 50-175 times smaller than the longitudinal current deljsitihe source of the
anisotropy lies in the anisotropic flux pinning microstructure of the wires. When the magnetization
current crosses perpendicular to the filament axis at each end of the wire, the Lorentz force is
parallel to the pinning center axis. The pinning force is weak in this direction Bnds
correspondingly small. The technologically important critical current density is the longitudinal
current densityd, . It can be extracted from magnetization measuremenfigin the case of large
length to diameter filaments, as is quantitatively analyzed here19@6 American Institute of
Physics[S0021-897806)09715-7

I. INTRODUCTION AM(H) for multiflamentary Nb—Ti wires containing very
o ) ) fine filaments was observed for conditions under which there
_ Artificial pinning center(APC) Nb—Ti composite de- a5 a proximity-effect coupling across the interfilament
signs have produced significant improvements in the Cl’ltlcal:opper!:? The effect was also noted in a study of 8 wires
current density. in magnetic fields of up to 5 T, s cOm- j, which there was significant filament-to-filament touching,
pared to conventionally processed comppélféslﬂowever, as frequently occurs in wires made by the internal-tin-
improvements at higher fields have been impeded by the fagfitfusion procesé.It is also well-attested that the orientation
that the upper critical magnetic field,, is significantly de-  of the pinning centers and the magnetic field axis plays a
pressed in virtually all existing APC compositeSand be-  |arge role in conventionally processed, two-phase Nb—Ti
cause the bulk pinning forde, curves tend to peak at lower yyires which are flattened from round to rectangdigiMag-
values of the reduced fielhEH/Hp), h~0.3 vsh~0.5,  petization measurements of the longitudinal and circumfer-
than is the case for conventional composites. ential critical current densities of round wires also showed
In order to better understand the attainablevalues of  ayjidence for @, anisotropy™® These studies on conventional
APC wires, we decided to study the magnetic field and temyp _Tj reported anisotropy ratios of up to 8—12.
perature dependent bulk pinning force density curves  Tne present work establishes the experimental condi-
Fy(H,T) over the whole field range up td.,. We used a tions under which the hysteretic magnetization of supercon-
vibrating sample magnetomet&/SM) which permits con- gy ctors with anisotropic pinning center arrays can be cor-
tinuous magnetization hysteresNVI(Hl,'Ij). measurements yactly measured and the technologically important
from O to 14 T and from 2 to 10 K. We initially assumed that |ongitudinal critical current density, extracted. The APC
we could extracd. andF, from AM(H,T) measurements  samples and the experimental details are described in Sec. II,
using the conventional Bean model analystdowever, we g the magnetization measurements in Sec. Ill. In Sec. IV,
found that the magnetizatiod, derived in this way had a the critical current density anisotropl/J, vs H and the
very different field dependence than the measured transpogj, i pinning force F(J;) vs H are calculated from the
J. in several cases. Being concerned about the effect that th@ngth dependent magnetization data, using an anisotropic

anisotropy of the flux pinning microstructure in APC wires gaan model for cylindrical shaped samplésSection V
might play in determining the magnetization, we made SySy,mmarizes the work.

tematic measurements of the hysteretic magnetization
AM(H) as a function of sample length. II. EXPERIMENTAL DETAILS
The issue of the sample-length dependence of the mag- ) )
netization in various types of superconducting composited": APC wire design
and theJ, derived from such measurements has been ad- The APC composite was fabricated using the rod-based
dressed in several recent studies. A length dependence ®RBAPC) process discussed previougly.hirty-one rods of
Nb were arranged in a hexagonal array within a bundle of 96

30n leave from FAENQUIL/DEMAR, 12600-000 Lorena-SP, Brazil. rOds_ of Nb 47 wt % Ti, resulting in a 24-4%' pin volume
PMaterials Science Program. fraction. The hexagonal stack was canned in copper, ex-
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TABLE I. The APC sample characteristia, is the nominal pinning center
diameter,d; is the filament diametet, andA; are the filament length and
aspect ratio. Three measurement techniques used: tradgpartd magne-
tization by VSM and SQUID magnetometers.

L (mm)

d d
(nm) (,urfn) J 42K VSM (42K SQUID(BK) A

pinning centers

330 1400 Y
56 240 . , . . iy
FIG. 1. Schematic drawing of an APC filament showing the positions of the
A 165 236 97 410 pins and the magnetization induced currents in a magnetic field applied
25 110 normal to the wire axis.
12 51
2.3 10
B. Transport J. measurements
330 5000 N )
The transport critical current,., was measured with
230 3500 voltage taps spaced 22 or 33 cm apart, using a resistivity
B 46 66 157 2400  criterion of 101 O m. Samples were tested in liquid helium
40 610 at 4.2 K with the magnetic field applied normal to the wire
21% 13500 axis. The transport critical current densify, was deter-
' mined by dividing thd . by the whole Nb—Ti and Nb cross-
330 1850  sectional area. This measurement yields the longitudinal
3 17 critical current density, .
c 4r 178 3%5 147%0 C. Magnetization measurements
7.5 42 Magnetic moment measurements were made using Vvi-
31 17 brating sample(VSM) and SQUID magnetometers, cali-

brated with transverse wire sampl@spect ratioc~10:1) of
Ni and/or Pd. The VSM and SQUID instruments have usable
sample space diametedg normal to the applied field of 3

truded to 4 mm diameter and cold drawn to 1.5 mm diam- nd 5 mm, respectively. All measurements were made with
eter. The wire was then cut into 127 pieces and the outel ' P Y-

copper was etched away. The bare Nb—Ti/Nb filaments Werihhe applied magnetic field perpendicular to the wire axis so
il

restacked, clad in Cu, and extruded for a second time. Th at current was induced to TIOW anng the length of the
restacking and extrusion process was repeated a third tim ament and to return by crossing the filament at each end of

producing a monofilament containing<a0° pinning centers. ﬁﬂe wire. Smce_ samples_ A B and C were _monofllament
Some of the third extrusion wire was drawn to 0.08 mmsamples, there is no possibility of current crossing the copper

diameter(nominal pin diameter 40 nmwhile the rest of the sheath. In order to test t_he eff_ect of sample lengthida,
two types of sample configuration were used. For the case of

wire was incorporated into a fourth extrusion composite : . . .
which produced nominal pin diameters down to 15 nm. L.<db' many _stra|ght Wire pieces were used in order to ob-
Table | presents the characteristics of the three differenéa'gnaggﬁgvii;:ggsl&igr;zic;%et?:r \(/)v]:r%g/;/?zsvsvc:und |\r/1tSoMan
APC wires used for this study including the nominal pin mpagnetization data were taken ccintinuousl;wriﬂ the field
iameter he filament diam he lengthL, and th .
diameterds, the filament diameteds, the lengthl., and the range from O to 12 T using a ramp rate of 0.009-0.03 T/s,

filament aspect ratiéd\;. The nominal pin diameter is defined .
as P f P the slower rates being used nédy,. The temperature was

d fixed at 4.2 K with an allowed variation of 50 mK. The
dp:—‘”, ) magnetization critical current density,,, was determined
VN(1+R) from the VSM magnetization measurements using the Bean
whered,, is the wire diameterN is the number of stacked model for a cylinder in perpendicular fiéld
rods (i.e., 127 for the third extrusion wires A and B and
_extru : 37AM(H,T)
127X 7 for the fourth extrusion wire CandR is the copper- Je(H, T)= (2

to-superconductor volume ratio. It should be noted, as dis- 4d;
cussed in detail in Ref. 3, that the actual pin thickness at thevhere AM is the width of the magnetization hysteresis and
wire sizes discussed in this paper was several times smallef; is the filament diameter. SQUID magnetization data were
thand, because the round pins flatten into ribbons whoseaken from 0 ® 5 T in 0.2 Tincrements. The samples were
aspect ratio increases with decreasing pin size. However, theeasured at 6 K, a temperature for which g values of
pins appear to be continuous over macroscopic lengths, prolthe wires were slightly higher than 5 T.

ably the whole length of each wire. Thus, the flux pinning Figure 1 shows a sketch of the APC filament. The field
microstructure produced by the fabrication process is exwas applied in the direction, normal to the wire axis, in-
tremely anisotropic. ducing magnetization currents to flow in tlkg plane. The
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directions of the magnetization induced currents with respect 30
to the pinning centers are shown. The orthogonal portions of

the complete current loop® and 1Y lie along thex andy 25 |
directions and are normal and parallel, respectively, to the
longitudinal axes of the pinning centers. Two orthogonal
Lorentz forces{ andF{ originate from the interaction be-

1 ] I 1 1 1 1 1 I
3rd extrusion (a) A
dp=1 65 nm

20 b AVSM) =240 -

F (GN/md)

tween the magnetic flux vortices and the magnetization- 151 ]
induced current$” and|*, respectively. For the case where a
. . 10 | -

the current flows parallel to the filament, the vortices are
forced (FY), normal to the long axis of the pinning centers 5| wpon i
such that the pins act as effective obstacles to vortex motion. magn.
On the other hand vortices are forced to move parallel to the obL— 1+ 0 a0 7
pins (FY) for the transverse components of the current and 0123456780910
the pins do not then act as significant obstacles. O—T—Tr—TT T T T T 7T

The dominant flux pinning interaction mechanism be- (b) B
tween vortices and pinning centers in Nb—Ti superconduct- a3 T

ors is still debated? > Traditionally a core pinning interac-
tion, has been used to explain flux pinning in
conventional’!” and APG? Nb-Ti. However, magnetic
interactiond®=2° have been more recently invoked to de-

.transport -

N

F (GN/m?)

scribe the elementary pinning interaction in both APC and 2 4o}l 3rd extrusion R
conventional Nb—T#! Regardless of the type of interaction d. =46 nm
between vortices and pinning centers, the fact that the flux 5 A‘:= 3500 -
pinning force is larger in the& direction than in they direc- \J
tion gives rise to the critical current density anisotropy, ot—t—t 1 1
JX<JY. Throughout the rest of the papel; and J¥ will be 0123456782910
designated ag, andJ,, respectively. T T T T T T T
05 |- 4th extrusion (C) C ]
Ill. RESULTS d, = 47 nm
Figures 2a)-2(c) compare theF (H) curves derived G 20} A=17 -
from the transportl, measurements to those derived from E
VSM magnetization for wires A, B, and C at 4.2 K. The %
shapes of curves A and Brigs. 2a) and 2Zb)] are similar T
n

although the magnitude of the transpbyf is slightly lower.
However, sample C exhibits transport and magnetization
F,(H) curves which have remarkably different shapes and
magnitudes. The peak transpéif of 20 GN/n? occurs at 3

T while the peak magnetizatidh, occurs &5 T and is only

7 GN/nt. The very large difference for sample C was our
first indication thatAM is a strong function of sample length MoH (T

or, more precisely, to the filament length-to-diameter aspect

ratio, As . The filament aspect ratios of the samples A, B, andG. 2. F, Vs uoH curves comparing magnetization and transport data taken
C reported in Fig. 2 are 240, 3500, and 17, respectively. Ast 4.2 K for samplesa) A, (b) B, and(c) C. The transport samples were 60
can be observed from Fig. 2, the agreement between tHé" long. The magnetization samples had wire asp(_ect réfips 1/d;) of
transport and magnetizatidf,(H) curves increases with in- 240, 3500, and 17 for samples A, B, and C, respectively.

creasingA; . Figure 2 clearly shows that th&. extracted

from AM(H) measurements made on wires in a perpendicug,qqestive of the effect of critical current density anisotropy.
lar field approximates the transpalt only for sufficiently gection 1V describes an anisotropic critical current model
large A;. These initial results motivated us to make addi-inat was used to extradt andJ, values of the APC wires
tional magnetization measurements designed to study they, the length-dependent magnetization measurements.
AM(H) vs A; relationship explicitly.

To clarify the AM(H) versus length relationship, more
ﬁ/. ANISOTROPIC CRITICAL CURRENT DENSITY

systematic experiments were made using a SQUID magne;

. ) EAN MODEL
tometer. Four different lengths of each wire were measured,
such that the longest wire in each set was 30—80 times longer Gyorgyet al,““ and Sauerzopét al,~ calculated the de-
than the shortest wire. The sample details are given in Tablpendence of the magnetization on the anisotropic current
|. Figures 3a)—3(c) show the measuredM(H) as a func- critical densities)®) (current flowing parallel to sida) and
tion of the applied field for A, B, and C. All three samples J(CC) (parallel to sidec) of thin parallelpiped-shaped samples
show a strongAM(H) dependence on the sample length,of dimensionsa andc placed in an applied field normal to

|.’22 |.,23
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FIG. 3. M vs uoH at 6 K for samplega) A, (b) B, and(c) C as a function
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theac plane. More recently, Sumptidn,derived an equiva-
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FIG. 4. 3,13, vs uoH for samples A, B, and C as calculated from the length
dependenfAM measurements using an extended Bean model for the aniso-
tropic critical current densitysee Ref. 1L

when
Ji<§ (4)

Equations(3) and (4) are in MKS units andAM(H) is the
width of the magnetization hysteresis.

J, andJ, were determined for each wire at each applied
field by fitting Egs.(3) and(4) to the fourAM (L) data points
for each field. Thel. anisotropy curves of Fig. 4 were con-
structed from these calculatelj and J, values. Figure 4
shows that the anisotropy ratly/J, vs H varies from~40
to 175. The anisotropy ratio appears to decrease with de-
creasing pin size, as is made clear by comparing wires A and
B, which are both third extrusion wires, differing only in
their value ofd,, 165, and 46 nm, respectively. It appears
that the field dependence of the anisotropy increases as pin
size is decreased, consistent with a recent magnetic pinning
model?!

The anisotropy ratio for C also decreases, but in a nearly
monotonic way, as the applied field increase#itg. Sample
C comes from a fourth extrusion composite and, in principle,
should have the same properties as sample B because it has
the same nominal pin diameter of 46 nm and because TEM

lent model for cylindrical-shaped samples in a field applied@nalysis of both composite nanostructures showed that the

normal to the cylinder axis. 10, and J, are the critical

pin thickness and distribution are simifrHowever, earlier

current densities in the direction parallel and perpendiculaffansport]; measurementshave shown that samples B and

to the cylinder axis, respectively, ahdandR are the cylin-

der length and radius, thekM is given by

AM(H)= |1

when
J.

=
Jj

8JR( 37R J)

16L J;

2R

T!
J,L 2L J,
AM(H)_T<1_31T_RJ_>

1650
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C did not exhibit the samd.(H) behavior. As suggested
there, the difference is probably due to a change in the
chemical homogeneity of the pins due to additional interdif-
fusion introduced during the fourth warm extrusion step.
Figure 5 shows the bulk pinning forcE,(J,) vs H
curves derived from the longitudinal component of the data
in Fig. 3 using the anisotropic Bean model. Thg(J;) vs H
curve shapes are now indeed very similar to the transport
Fp(H) curves of Fig. 2. However, an exact comparison of
either the shape or the magnitude f cannot be made,
since the data were taken at different temperatures and there
is not good temperature scaling in this proximity-effect-

Nunes, Heussner, and Larbalestier
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when the filament aspect ratiy; is large enough so that
AM (L) saturates. The characteristic valueAf for which

AM saturates depends on the characteristics of the flux pin-
ning anisotropy. However, the anisotropic Bean model of
Sumption appears to permit an explicit separation of the lon-
gitudinal and transverse critical current densities. The calcu-
latedJ,/J, values varied from 40 to 175 for the APC wires
studied here. These anisotropy values are large when com-
pared to the values of 8—12 reported for conventionally pro-
cessed Nb—Ti wires.

- -
N s

-
(=]

F (J,) (GN/m?)
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