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We propose that a magnetic pinning mechanism is the dominant flux-pinning mechanism of proximity-
coupled, planar defects when the field is parallel to the defect. We find compelling evidence that this pinning
mechanism is responsible for the strong flux-pinning force exerted by ribbon-shapeda-Ti precipitates and
artificial pins in Nb-Ti superconductors, instead of the core pinning mechanism as has been hitherto widely
believed. Because the elementary pinning forcef p(H) is nonmonotonicwhen it is optimum~i.e., when the
defect thicknesst and the proximity lengthjN have comparable dimensions!, the total pinning forceFp(H)
generally doesnot show temperature scaling. Characteristic changes in the magnitude and shape ofFp(H) at
constantT but at differentt/jN ~e.g., different Nb-Ti wire diameters! are also direct consequences of the
pinning mechanism. The optimum flux-pinning state is a compromise between maximizingf p and getting the
highest number density of pins. For a given defect composition this state is reached whent;jN /3, while for
varying defect composition the peakFp gets higher whenjN is made shorter. Artificial pinning center Nb-Ti
wires having shortjN pins appear to be vital for obtaining highJc at high fields because only then is the
elementary pinning force optimized at small pin thicknesses which permit a high number density of vortex-pin
interactions and a large bulk pinning force. We find verification of our predictions in experimental
Fp(H,T,t) data obtained on special laboratory-scale artificial pinning-center Nb-Ti wires.

I. INTRODUCTION

Strong flux-pinning forces and high critical current densi-
tiesJc are readily obtained by filling a superconductor with a
high number density of thin planar defects.1,2 The constraints
on making such superconductors usually cause the defects to
become strongly coupled to the matrix by the proximity
effect.3 Thus, it immediately becomes difficult to determine
how to optimize~i.e., obtain maximumJc) a given flux-
pinning system because the dominant flux-pinning mecha-
nism~s! must be evaluated in the context of the supercon-
ducting order parameter variations caused by the proximity
effect. As a result, the influence of important materials prop-
erties may be misinterpreted.

This problem is demonstrated in thermomechanically pro-
cessed~TMP! niobium-titanium alloy~chiefly Nb 47 wt.% Ti
or Nb47Ti!. The empirical processes by which a TMP Nb-Ti
superconductor may be optimized are based on fluxon core-
pinning models.4–8 Continuous deformation of the micro-
structure prior to optimization is thought to cause competi-
tion between several flux pinning mechanisms, including
core pinning, as the number densities of various microstruc-
tural defects change.5–12. At optimum wire diameter, micro-
structures contain about 20% of 1–4 nm thick, ribbon-
shapeda-Ti precipitates which are separated by 2–10 nm.7,13

Both dimensions are smaller than the diameter~11 nm! and
spacing~22 nm! of the fluxon cores at 5 T, 4.2 K.8 Although
the precipitates seem to be too thin to strongly interact with
the fluxon core,8,14 other data are in agreement with core

pinning being the dominant pinning mechanism: The precipi-
tate number density far exceeds the number density of all
other defects,7 the functional dependence of the derived el-
ementary pinning forcef p appears to be consistent with core
pinning models,8 and the shape of the bulk pinning force
curveFp(H)5m0Jc(H) is proportional toh(12h),5,8 where
h[H/Hc2 , H is the external field strength, andHc2 is the
upper critical field.

Core-pinning models give the enticing prediction that new
artificial pinning center~APC! wires can dramatically im-
prove superconducting wire performance because they can
incorporate number densities of pins that are higher and pin
materials that are better than in TMP composites. However,
the relationship between the microstructure and the flux-
pinning properties of APC composites is not the same, as we
will describe in this paper. A central difficulty is that, al-
though the available transmission electron microscopy
~TEM! data15–17show that the optimum pin thickness seems
to bebettersuited for core pinning in optimized APC com-
posites with Nb pins, theFp curves donot show the charac-
teristic h(12h) shape expected for core pinning. Instead,
Fp(h) typically has a peak ath;0.25, as shown in Fig. 1.
~APC wires with pins other than Nb have only very recently
been made; data that are representative of the intrinsic flux-
pinning properties of their microstructure have yet to be pub-
lished.! The relative lack of high-field pinning is the primary
reason why the enormous potential of APC designs has not
yet been realized in high-field applications.

This paper aims to resolve the surprisingly different flux-
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pinning behavior of TMP and APC designs by reinterpreting
their dominant pinning mechanisms in the context of the
proximity effect. We propose thatmagneticpinning is the
dominant pinning mechanism in both composite types, in-
stead of core pinning. Further, since the arguments made in
this paper are based on general phenomena that occur in all
superconductors, the conclusions may be applied to the flux-
pinning properties of any superconductor that contains thin,
proximity-coupled, planar pins as the dominant microstruc-
tural defect.

Although other flux-pinning models18,19give reasons why
Fp(H) might change shape when the pin composition is
changed and/or when the microstructural dimensions are
changed, we frame our model within phenomenological ar-
guments that can be or have been tested experimentally. We
pay particular attention to the Nb-Ti system, which has been
extensively studied. In particular, the electron scattering
mechanism18 provides a detailed quasiclassical analysis for
determining the pinning energy as a function of the concen-
tration and electron scattering cross section of the pin, but it
cannot be used for evaluating the pinning energy arising
from the order-parameter variations due to the proximity ef-
fect. We think the details of the proximity coupling are cru-
cial: In APC Nb-Ti composites,Fp(H) reaches very high
values at low fields and has a long tail at high fields when
artificial Nb pins are thick,17,21,22 but takes on a mid-field
peak and a shape characteristic of core pinning when the pins
are very thin.23,24 Nb pins become strongly proximity
coupled when thin, as demonstrated by the reduction of
Hc2 .

21,23,25,26By contrast, there is no shift of the peak of
Fp(H) to higher fields in TMP wires when the wire is drawn
past its optimum diameter.27,28

The basis of our arguments is the recent model of Gurev-
ich and Cooley29 for magnetic pinning by a planar contact,
with elements of proximity-effect theory added. The proxim-
ity length jN and the decoupling fieldHd then become cen-
tral parameters of our model. We find that there is always a
strong magnetic interaction between a fluxon and a ribbon,
because a portion of the shielding current~on the order of the
depairing current densityJD next to the vortex core! cannot

be transmitted across the ribbon. These ideas have been
briefly outlined in an earlier paper.30 We will show that the
different flux-pinning properties of Nb anda-Ti result more
from differences in their electronic properties than from dif-
ferences between average pin thickness and the diameter of
the fluxon core.

The elementary magnetic pinning forcef p increases
slightly with field because the pin becomes less transparent
to current as its proximity coupling decreases. Thus the mag-
netic component peaks at the decoupling field. This compli-
cates summation: Althoughthick pins with along proximity
length can have the samef p value asthin pins with ashort
proximity length, thebulk pinning forceFp'n fp is maxi-
mum for pins withshortproximity length, because thin pins
produce a higher number density of pinning interactionsn
for a given pin volume fraction. Additionally, the combina-
tion of the nonmonotonic field dependence of the elementary
pinning force with changes in temperature or pin thickness
gives rise to other unusual properties of the bulk pinning
force, such as a lack of temperature scaling. We take advan-
tage of experimental observations of such phenomena to
fully test the model.

We analyze experimentally the bulk pinning force of a
multifilament Nb47Ti APC composite having Nb 1.3 wt.% Ti
~Nb1Ti! pins. By careful processing under laboratory condi-
tions, we produced a pin array which was uniform down to
;30 nm pin separation.15 We have extended the microstruc-
tural characterization15 to pin thicknesses approaching 1 nm,
much less than the coherence length. We directly observe the
transition of the pin cross section from a round to a ribbon
shape. Further, we observe that the pin thickness distribution
is more narrow than that ofa-Ti precipitates in a conven-
tional composite. We used newly developed techniques31 to
estimate the pin thickness from the TEM observations, and
we were then able to make a quantitative comparison be-
tween our magnetic pinning model and the TEM data.

We made flux-pinning measurements over the full range
of field, temperatureT, and pin thicknesst in order to ex-
plore the effect ofjN(T) and the coherence lengthj(T) on
the flux-pinning parameters. We observed~1! a lack of tem-

FIG. 1. Comparison of optimized bulk pin-
ning force curves for conventional and APC
wires. The data for the conventional wire were
obtained from Ref. 8 and the data for the APC
wire from this paper.
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perature scaling ofFp(H) for any given pin thickness@tem-
perature scaling requires thatFp(H) has a constant shape
independent of temperature32#; and~2! a systematic variation
of Fp(H) as a function oft. A lack of temperature scaling
and a variation ofFp(H) with changing precipitate thickness
was reported earlier for conventional Nb47Ti,8 as well as for
conventionally processed alloys having compositions rang-
ing from Nb 44 wt.% Ti to Nb 62 wt % Ti.33

There is excellent qualitative agreement between experi-
mental data and the model. We predict thatFp reaches a
maximum whent'jN/3. Pins likea-Ti, which have small
jN , produce maximumFp when the pins are thin and have
high number density, thus providingFp(H) curves which
peak at fields near 0.5Hc2 . By contrast, pins with larger
jN , like Nb and Nb1Ti, are thicker and have a lower number
density when optimized, so the peak ofFp(H) occurs at
lower fields. Thus, intelligent pin design is crucial to attain-
ing high critical current density at higher fields where it is
most desirable. Not only is it necessary to preventHc2 de-
pression by choosing the correct matrix and pin composition;
it is also vital to alloy the pin material to reduce the electron
mean free path andjN so that the elementary pinning force is
optimum at pin thicknesses less than 5 nm, where corre-
sponding pin number densities are comparable to high-field
fluxon number densities. Thus, the crucial difference be-
tween APC composites made with Nb pins and conventional
composites made witha-Ti precipitates is thata-Ti precipi-
tates are naturally alloyed with;5 wt % Nb and thus have a
smaller proximity length.

II. FLUX-PINNING MODEL

A. Pinning by planar defects with zero thickness

Consider an Abrikosov~A! vortex in a Cartesian coordi-
nate system aligned parallel toz and lying near ayz plane.
The vortex lies on thex axis at coordinates; the plane inter-
sectsx50. The flux pinning potentialU of this pinning plane
is determined by the free energy difference~per unit length!
between when the vortex is isolated within the superconduct-
ing matrix and when the vortex intersects the plane. An iso-
lated vortex located ats.l is unaffected by the plane and
has an energy per unit length

UA5e0~ lnk1gA!, ~1!

wheree050.5m0Hc
2pj2 is the line tension of the vortex, the

logarithmic term represents the kinetic energy of the currents
around the vortex core, and the constantgA50.5 provides a
small correction for the core~0.12! and the contribution of
currents within the core itself~0.38!.34 In contrast, when the
vortex is located ats,l, the shielding current may be
blocked or diverted by the plane, giving rise to magnetic
pinning.4 This is especially true for the ribbon-shaped pins
found in both conventional and APC Nb-Ti wires.

Gurevich and Cooley29 treated such a planar pin as a Jo-
sephson contact characterized by its transmission current
densityJp . The magnetic pinning force is then described by
the equations of Josephson electrodynamics. If the defect is
weakly coupled to the superconducting matrix,Jp,JD /k,
whereJD50.54Hc /l is the depairing current density in the
superconductor. The equations arelocal, and a Josephson~J!

fluxon exists whens50.35 The J fluxon has no core and is
described only in terms of the phase of the superconducting
order parameter on either side of the contact. In the opposite
limit, JD /k,Jp,JD , an analytic solution to thenonlocal
equations36,37 describes an intermediate vortex geometry for
s50, a so-called Abrikosov-Josephson orAJ vortex. TheAJ
vortex is similar to the usualA vortex in that it has nearly
circular shielding currents and extends magnetically to a dis-
tance;l. However, theAJ vortex is also similar to aJ
vortex in that it does not have a core. The solutions of the
nonlocal Josephson electrodynamic equations that give the
AJ vortex incorporate both the transmission of shielding cur-
rent of magnitudeJp through the contact and the diversion of
larger shielding current around the contact.

The current transmitted across the pin is the important
parameter of this pinning mechanism; it divides flux pinning
regimes. IfJp is very low, the current is diverted parallel to
the defect as it is at a superconductor surface, and theA
vortex is attracted to the contact by its antivortex image.38,39

A strong pinning interaction results, where the pinning po-
tential for j,s,l is

U~s!5e0@UA2 ln~l/s!#. ~2!

The elementary pinning forcef p(s)52dU(s)/ds thus ap-
proaches its theoretical maximum4 at s5j, fmax52e0 /j,
and then decreases likel/s for s.j.

In the nonlocal limit, the pins are strongly coupled. The
contact then is transparent to the shielding currents located at
the outside edge of theA vortex, and no magnetic interaction
occurs until theA vortex is within a distancel ,

l5j~JD /Jp!, ~3!

from the boundary. Whens, l the contact perturbs the
shielding current. The elementary pinning force is not as
strong as in the local limit because the attraction of theA
vortex to its antivortex image is offset by its repulsion from
a second vortex image. The pinning potential is29

U~s!5e0SUA1 ln
s

s1 l
1

l

2s1 l D . ~4!

The first term reflects the interaction between the vortex and
its antivortex image, while the second term arises from the
interaction between the vortex and its vortex image. The pin-
ning potential has a width of orderl , as opposed to the
longer lengthl in the local case. Its magnitude is of order
ln(l/j)10.22.40 The maximum elementary pinning force
again occurs ats5j, where

fmax'2
e0
j F l

j1 l
2

2l j

~2j1 l !2G . ~5!

Thus, fmax is slightly less in magnitude thane0 /j.
The pinning force is strong,;e0 /j, despite the very dif-

ferent behavior of vortices near the contact for different
Jp . This is true because the shielding current near the vortex
core, which is of orderJD , is perturbed, even for strongly
coupled planar defects. TheA vortex corealwaysdisappears
at s;j. Thus, sinceJp,JD is practically true for any pin
thickness, field, or temperature, there is no field or tempera-
ture at which the planar pin becomes ineffective. Also, be-
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cause of the dependence ofU on Jp given by Eqs.~3! and
~4!, the field and temperature dependence off max incorpo-
rates that ofJp , and is not only controlled by the field and
temperature dependence of the superconducting order param-
eter. Thus, it can no longer be assumed that
fmax(h)5 f max(0)(12h), as is commonly believed for the
core-pinning mechanism.4 Instead, a lack of temperature and
field scaling is built into this pinning mechanism.

B. Pinning by planar defects with nonzero thickness:
The role of the proximity effect

The microscopic mechanisms that determineJp for a thin
nonsuperconducting metal~N! proximity coupled to a super-
conductor~S! have been extensively studied.3,41–43We an-
ticipate that dirty limit solutions are appropriate for the
Nb1Ti pins used in our APC composite because Nb1Ti is
itself a moderately dirty superconductor.32Also, the BCS co-
herence lengthj0 is about 40 nm for pure Nb and Nb-Ti
alloys with <65 at.% Ti,44,45 and with the dirty-limit
Ginzburg-Landau expressionj25f0 /2pm0Hc250.75j0l tr ,
with m0Hc2'1 T at 4.2 K,32 the mean free pathl of Nb1Ti
is 10.6 nm. This value is in excellent agreement with the
resistivity data for Nb-Ti alloys obtained by Berlincourt and
Hake.46 The pin thickness observed by TEM ranges from
;3l to ;0.2l tr , so the clean-limit condition
l tr@\vF /2pkBT5j0Tc /T is not satisfied, where\ is the
modified Planck constant,vF is the Fermi velocity, andkB is
Boltzmann’s constant.

The proximity effect is usually studied by using the Us-
adel equations.42 These equations are valid when the critical
temperatureTcN of theN layer is zero and the temperature is
nearTc . They become linear when theN andS layer thick-
nesses are larger thanjN , where

jN~T!5S \vFl tr
6pkBT

D 1/2. ~6!

The proximity length is 11.9 nm atTc andjN /j'3.3 at 4.2
K for Nb1Ti pins in a Nb47Ti matrix. Thus, the conditions
for the application of the linear Usadel equations should be
satisfied when the field is higher than the upper critical field
of the Nb1Ti pins and when the pin thickness is greater than
12 nm.

When theN layer is thin or whenTcN is comparable to
Tc , the Usadel equations become dependent on the spatial
variation of the superconducting order parameter in theN
layer DN . In this limit we draw upon the work of Mota
et al.,47 who obtained an experimental determination of
DN(x) by measuring the superheating and supercooling tem-
peratures corresponding to the first-order phase transition of
DN ~see also Ref. 43!. They used Nb and Nb-Ti proximity-
coupled to Cu or Ag, and explored the regimet!jN by
measuring at temperatures of a few millikelvins. The gap as
a function of positionx.0, for theN/S interface atx50, was
found to obey the relation

DN~x!}
x0

x1x0
e2x/jN ~7!

when 0.01jN&t&0.1jN . This result was also obtained in an
approximate solution to the Gor’kov equations by Falk48 for

semi-infiniteN/S regions in contact. The fitting parameter
x0 should have a lower bound ofj, since the order parameter
should not change over smaller lengths. We takex052j.
Even though the Usadel equations should not be valid when
t!jN , Mota et al. found good qualitative agreement be-
tween their data and the theory. The proximity coupling of
the pins exponentially decreased with field, with the decay
constant given by the decoupling field,

Hd5Hc2

x0
t1x0

e2t/jN. ~8!

This expression has the correct asymptotic behavior:
Hd→Hc2 ast→0 andHd→0 whent@x0 . Measurements of
the twist-pitch dependence of the magnetization for mul-
tifilament Nb-Ti/Cu composites which are in agreement with
Eq. ~8! have been obtained by Akuneet al.49

Since we did not observe the anomalous behavior of
Hc2(T) which is seen in multilayer Nb/Nb-Ti and Nb/Nb-Zr
having equal Nb and Nb-alloy thicknesses,50,51we conclude
that the nucleation of superconductivity always occurs within
the Nb47Ti matrix,43,52 even when both the pin and super-
conductor thicknesses are much less thanjN . Thus the re-
sults of Motaet al. for proximity-coupled Cu and Ag should
also be valid for Nb1Ti, even when the applied field is below
the upper critical field of the Nb1Ti pins and when the pin
thickness and separation are less thanjN .

Within this framework, we apply the results of Motaet al.
to the work of Dobrosavljevic´-Grujić and Radovic´,53 who
explicitly solved the Ginzburg-Landau equations for vortices
lying within a thick SNS contact.Jp(H,T,t) then has an
exponential dependence ont at zero field,

Jp~0,T,t !5J0~T!e2t/jN~T!, ~9!

with

J0~T!'JD~0!
2.6j~T!

jN~T!
~12T/Tc!

2. ~10!

J0 is thus on the order ofJD ; however, it has a different
temperature dependence,J0(T)}@Hc2(T)#

2. When
H@Hd , the pair condensation amplitude is diminished ex-
ponentially in theN layer, giving

Jp~H,T,t !5J0~T!
jN~T!

t

Hd

H
e2H/Hd. ~11!

To reflect the expectation53 that Jp is not strongly field de-
pendent for 0<H<Hd , we use a quadratic interpolation for-
mula:

Jp~H,T,t !5J0~T!Fe2t/jN1S 2.6tjN

H

Hd
D 2e2H/HdG21/2

. ~12!

The exponential behavior ofJp at high field and the increase
of Jp /J0 as t/j is decreased is consistent with the results of
Hsiang and Finnemore54 for Pd-Cd-Pb sandwiches, for
which t*jN .

Using Eqs.~8! and~12!, we adapt the flux-pinning model
of Gurevich and Cooley29 for planar pins having zero thick-
ness in order to encompass proximity coupling of pins hav-
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ing t;jN . The elementary pinning force, given by Eq.~5!,
then takes on a direct dependence onj p(H,T,t)
[Jp(H,T,t)/J0(T):

fmax'2
e0
j F 1

11 j p
2

2 j p
~2 j p11!2G . ~13!

We assume that an additional factor of (12h) appears in the
field dependence offmax to account for the reduction of the
superconducting order parameter. Also, the contribution of
core pinning,f p50.22(e0 /j)(12h),40 should be added to
Eq. ~13!. The total elementary pinning force, expressed as a
function ofh at fixed temperature and pin thickness, is then
given by

f p~h!5~12h!
e0
j H 0.221F 1

11 j p~h!
2

2 j p~h!

~2 j p~h!11!2G J .
~14!

This elementary pinning force is plotted as a function of
H/Hc2 for different pin thicknesses in Fig. 2~a!, and as a
function of t/j ~not t/xiN) for different reduced fields in Fig.
2~b!. In Fig. 2~a!, f max attains a local maximum at a reduced

field slightly higher thanHd /Hc2 (jN53.3j in the plots!.
This corresponds to a rapid increase ofl caused by the ex-
ponential decrease ofJp when H.Hd . The increase ofl
brings about a crossover from the nonlocal to the local re-
gime of the pinning mechanism, which results in an increase
of order lnl/lnl in fmax. The appearance of the maximum in
fmax(h) immediately suggests that an unconventionalbulk
pinning force curve should be obtained. Further, the crossing
of the lines neart/j51 in Fig. 2~b! indicates a shift in the
position of the peak of the bulk pinning force curve as
t/j(T) is changed. This shift destroys temperature scaling
and produces a change in the shape ofFp(H) at constant
temperature as the pin thickness varies. This vital point will
be discussed further in Sec. II D.

C. Effect of decoupling on the number density
of flux-pinning interactions

Direct summation implies that the elementary pinning
force can be multiplied by the number density of flux-
pinning interactionsn to give the bulk pinning force.n is
limited by the number density offluxonswhen there are
fewer fluxons than pins and by the number density ofpins
np at higher fields. This suggests that the summation should
be linear in field at low field,n}H, and independent of field
at high field,n;np .

However, at a characteristic field

m0H l '
f0

@ l ~H,T,t !#2
, ~15!

the phase kinks of theAJ vortices overlap, breaking the
phase coherence across the planar pin.30 No moreAJvortices
can be added to the pins forH.Hl . The fieldHl is close to
Hd and is related to the decoupling of the pins~the difference
betweenHl andHd is ,0.05Hc2 for 0.2,t/jN,2).

The phase difference alongx across the contact gives rise
to a currentj s which flows parallel to the contact. The Lor-
entz force of this current is identical to the pinning force of
the contact on the overlappingAJ vortices. But, because the
pins are assumed to have uniaxial alignment,j s flows paral-
lel or antiparallel to the transport current. The pins thus be-
have like internal surface barriers.

Thus, we cut off the regime of linear summation atHl ,
instead of at m0H'npf0 . When H@Hl , we have
n'm0Hl /f0 from the interpolation formula

n5
A~m0H !21~m0Hl !

2

f0
. ~16!

D. The shape of the bulk pinning force curve

Bulk pinning force curves derived by combining Eqs.~14!
and ~16!, Fp5n fp , are shown in Fig. 3. Optimization of
both the magnitude ofFp and the position of the maximum
in the pinning force curveFmax is seen in plots~a!–~c!,
where the pin thickness is changed. In plots~a! and ~b! the
pin thickness ranges from 0.2j to 5j and we takejN56.6j
and 3.3j, respectively. In plot~c! the pin thickness ranges
from 0.1j to 2j and we takejN5j. Figures 3~a!–~c! clearly

FIG. 2. Model elementary pinning force.~a! Field dependence
of the magnetic pinning force for various values oft/j. A factor of
(12H/Hc2) multiplies all of the curves to account for the field
dependence of the superconducting order parameter.~b! Depen-
dence of the magnetic pinning force ont/j for various reduced
fields.
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show how the peak ofFp(h) moves toward higher field and
becomes higher in magnitude ast decreases to its optimum
value,topt;jN /3, except in plot~c!, wheretopt;jN /10. The
magnitude ofFp decreases and the shape of theFp(H) curve
saturates whent,topt. The optimum curves represent the
best balance between summation and the elementary pinning
force. In particular, plot~c! shows a smaller value oftopt,
becauseH l ;Hc2 and the number density of pins is very
high. The shape of the saturatedFp(H) curves@ t/j50.2 and
0.5 in plot ~a!, 0.5 in plot ~b!, and 0.2 and 0.1 in plot~c!#
reflects our assumption that the elementary pinning force is
proportional to (12h).

Figure 3~d! explicitly shows the lack of temperature scal-
ing. The plots are labeled by the valuest/j(T),
jN(T)/j(T), where we choset52.3j(0) and jN(Tc)
52.5j(0). Thesequence of curves, beginning with the curve
labeled 2.2, 4.2, thus corresponds to the temperatures 2, 4.2,
6, 7, and 8 K withTc59 K, j(0)54.8 nm,jN(Tc)512 nm,
and t511 nm. We use the standard temperature dependence
j(T)}@12(T/Tc)

2#21/2. As the temperature is increased,
the value oft/j increases relative tothat of jN /j, and the
peaks of the curves move toward lower field. Partly, the
movement of the peaks occurs because the value of
t/jN(Tc)'1, so the curves become less nearly optimum asT
increases. If insteadt/jN(Tc) were only 0.1, the curves
would become more nearly optimum asT increases, and

their peaks would move slightly toward higher field@see
Figs. 3~a! and ~b!#. They would then exhibit scaling.

III. EXPERIMENT

A. Composite fabrication and estimation of pin thickness

An outline of the fabrication and microstructure of the
APC composite appears in Ref. 15. We present additional
TEM data in this paper in order to define the pin thicknesses
at the small filament diameters used in the experiment.

To summarize the fabrication process for the composite,
round Nb1Ti pins were inserted into a hexagonal array of 61
holes drilled parallel to the axis of a round Nb47Ti ingot, the
superconducting matrix, as schematically shown in Fig. 4~a!.
This composite Nb47Ti/Nb1Ti billet was extruded from a
diameter of;150 mm to a diameter of;80 mm. All sub-
sequent processing was by wire drawing at room tempera-
ture, thus minimizing thermal mixing of the components at
smaller wire diameters. The composite filaments were drawn
in a copper matrix, using two 61-element and one 7-element
restacking stages to achieve the necessary diameter reduc-
tion. Wire samples used in the experiment thus contained
3721 or 26047 Nb47Ti filaments.

TEM images show uniform arrays of round pins at pin
thicknesses~diameters! >92 nm.15 For smaller filament di-
ameters, as seen sequentially in Figs. 4~b!–~e!, the pins

FIG. 3. Bulk pinning force curves predicted by the flux-pinning model.~a!–~c! Fp(H) curves as a function of reduced field for various
values oft/j. The value ofjN is 6.6j in ~a!, 3.3j in ~b!, and 1.0j in ~c!. ~d! Simulation of the lack of temperature scaling ofFp(H). The
curves are labeled by the pairst/j(T), jN /j(T) for t52.3j(0) andjN(Tc)52.5j(0). Thetemperature dependence ofj(T) is proportional
to @12(T/Tc)

2#21/2.
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themselves are no longer round and instead develop an as-
pect ratio that increases with decreasing filament diameter.
We determinedt for Figs. 4~b! and ~c! by first tracing the
shapes of the pins on plastic foils placed over enlargements
of the TEM images.26 This resulted in a binary image, from
which digital analysis could be performed. We then used the
algorithms of Lee, Larbalestier, and Jablonski31 to analyze
the binary images. We found a similar relationship betweent
and filament diameter as found betweena-Ti precipitate
thickness and wire diameter by Meingast, Lee, and
Larbalestier.7 In terms ofdf , this relationship is

t5100S df
2000D

1.6

, ~17!

where t and df are in nanometers. The relationship in Eq.
~17! is reasonable because the fitting parameter, 100 nm, is
close to the diameter of the smallest round pins observed by
TEM, 92 nm. We use this expression to estimatet for the
smaller wire diameters, and general agreement is found be-
tween Eq.~17! and Figs. 4~d! and ~e!. Also, Eq. ~17! indi-

cates that filament diameters approach the magnetic penetra-
tion depth,;250 nm, when the pin thickness is a few
nanometers.

B. Transport flux-pinning measurements

The bulk pinning force of the Nb47Ti/Nb1Ti APC wires
was determined at 4.2 K by transport measurements, where

Fp~H !5Jc~H !m0H. ~18!

The critical current was determined by a four-point resis-
tance measurement at a resistive criterion of 10214V m. Jc
was then obtained by dividing the critical current by the total
cross-sectional area of the superconductor. The area of the
superconductor was determined by weighing a known vol-
ume of wire for which the densities of all of its components
were known. The transport experiment was carried out under
a liquid helium bath at nominally 101.3 kPa~760 Torr! pres-
sure, such that the sample holder shared a common center
and axis with a long superconducting solenoid capable of 10
T. The digital measurements of the voltage as a function of

FIG. 4. The microstructure of the APC wire.~a! A sketch of the Nb47Ti superconductor and Nb1Ti pin array cross section.~b!–~e!
Transmission electron microscopy of the superconductor and pin array, fort514 nm ~b!, 11 nm~c!, 4.8 nm~d!, and 1.8 nm~e!. The pins,
superconductor, and copper matrix are labeled. The micrographs in~c!–~e! have been digitally enhanced to more clearly define the filaments
and the pins. Micrographs~b!–~c! and ~d!–~e! have the same magnification.
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current were highly reproducible; the standard error for a
Nb-Ti standard wire~NIST SRM No. 1457! was less than 1
part in 104.

The Fp(H) curves have a significant contribution from
surface pinning at small filament diameters, as discussed in
the next section. The maximum bulk pinning force attained
was 23 GN/m3 at 2.5 T.

C. Magnetization flux-pinning measurements

The bulk pinning force at temperatures other than 4.2 K
was determined by magnetization measurements. We used
the Bean model55 to determineJc , Jc53pDM /4df , where
DM is the magnetization difference between the field-
descending and the field-ascending branches of theM (H)
hysteresis loop anddf is the filament diameter. TheFp(H)
curves were obtained using Eq.~18!. The magnetic moment
was measured using a vibrating sample magnetometer
~VSM! with the filaments perpendicular to the field. The
samples were contained within a variable-temperature He
gas atmosphere, in which control over the sample tempera-
ture could be established between 2 and 12 K with a preci-
sion of not less than 50 mK. The absolute error of the tem-
perature was 2%.

Magnetization experiments on multifilament wire samples
can be difficult to interpret because of the flow of current
across the copper matrix. In order to avoid this problem,
extracted filaments were used. Depending on the wire diam-
eter, 4–16 pieces of the long samples used for the transport
measurements were bundled in parallel alignment, placed
under tension, and then immersed in a nitric acid bath in
order to etch away residual solder and the copper matrix. The
tension ensured that the filaments remained straight and par-
allel. The acid solution was then rinsed away, and the fila-
ments were immediately placed in a dilute solution of cellu-
loid cement in acetone. The low viscosity of the solution
allowed most of the 105–106 filaments to be coated with
cement, protecting them from further oxidation. This resulted
in a 1–2 cm long bundle of straight filaments with masses of
5–10 mg. We took steps to ensure that there were no super-
conducting loops created by crossed filaments.

In order to compensate for operational errors, errors in
applying the Bean model to small filament diameters, and
errors in the sample volume, theFp(H) data were then
scaled so as to make equal the transport and magnetization
Fp(H) curves at 4.2 K. This scaling factor was then applied
to the data at other temperatures. The normalization changed
the data by 17% in one case, and by less than 9% for all
other samples.

IV. RESULTS

A. Parameters of the superconducting state

We analyze our experimental data in terms of the ratio
t/j(T), wherej(T) is the coherence length. We determined
j by measuringHc2(T) and applying

j~T!5@f0 /2pm0Hc2~T!#1/2. ~19!

Hc2(T) was determined by the field at which the magnetiza-
tion hysteresis was extrapolated to zero. Values of
m0Hc2(T) as a function of average pin thickness are given in

Table I. To increase confidence in these values, we compared
them toHc2 values obtained by two other procedures:~1! a
linear extrapolation to zero of the magnetization observed
after cooling in field, using a VSM at low temperatures and a
superconducting quantum interference device magnetometer
at high temperatures; and,~2! an extrapolation of the bulk
flux pinning force to zero. Generally, these values fell within
63% of the values listed in Table I.

The Ginzburg-Landau parameterk was determined from
the linear variation ofHc2(T) nearTc using the formalism of
Orlandoet al.56 Values ofk are given in Table II. They are
only weakly dependent on pin thickness, 40,k,48, and are
centered around the value for bulk Nb47Ti,k543. The mag-
netic penetration depth was then found by using

l~T!5kj~T!. ~20!

Penetration depth values were compared against penetration
depths extracted from the field at which deviation from per-
fectly diamagnetic behavior was noted for a sample cooled in
zero field, with good agreement.

For all samples, 9,Tc,9.3 K.

B. Surface pinning

The magnetic interaction between the fluxons and their
images is enhanced whendf;l(T).38,39,57–59This enhanced
magnetic interaction leads to several effects, among which is
strong flux pinning by the filament surfaces at fields below
the critical field

Hc~df ,T!'HcB

l

df
. ~21!

Although still much smaller thanHc2 , Hc(df ,T) can be sub-
stantially higher than the bulk value of the critical field,

TABLE I. The upper critical field as a function of pin thickness
at the temperatures examined.

df ~nm! t ~nm! m0Hc2 ~T!

2 K 4.2 K 6 K 7 K 8 K 8.5 K
Bulk 13.3 11.0 7.8 5.0 2.5 1.3
840 25 12.6 10.6 7.2 4.6
580 14 12.3 10.0 7.1 4.4 2.0 1.1
500 11 12.0 9.7 6.8 4.2 2.0 1.2
400 7.6 12.0 9.4 6.5 4.1
300 4.8 11.8 9.2 6.4 4.2 2.1 1.2
220 2.9 11.7 9.0 6.4 4.2
196 2.5 8.9
174 2.1 8.9
154 1.8 8.8
140 1.5 8.8

TABLE II. The values of the Ginzburg-Landau parameter as a
function of pin thickness.

t ~nm! ` 25 14 11 7.6 4.8 2.9 2.5 2.1 1.8 1.5
k 43 45 48 40 41 42 42 42 42 42 42
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HcB5
f0

2A2pljm0

, ~22!

wherem0HcB'0.18 T at 4.2 K.
We measured APC wires having filament diameters as

small asl(4.2K). In order to deduce the flux pinning due
only to the pins, we subtracted the total pinning force due to
the filament surfaces,

Fs~H,T,df !5m0HJs~H,T,df !, ~23!

from the measuredFp(H,T,t) data, whereJs is the critical
current density due to surface pinning.Js was determined by
measuring the critical current of an identically fabricated
composite wire containing only pure Nb47Ti filaments with-
out the APC array, for which we assumed surface pinning

was the dominant pinning mechanism whendf,2l. We
found26,60 that Js diverged at low fields and limH→0Fp(H)
Þ0, which is not predicted by existing models of surface
pinning.38,58,59An empirical formulation ofJs(h,T,df) was
instead obtained,60,61

Js~h,T,df !5
HcB~T!

A2kdf

~12h!ln~1/h!

Ah
1JL , ~24!

whereJL563108 A/m2 is a background bulk current den-
sity due to all other pins, determined whendf@l. The
Fs(H) curve based on this equation has a peak at very low
fields (h50.086).

FIG. 5. Bulk pinning force curves after adjustment for surface pinning.~a! 2 K; ~b! and~c! 4.2 K; ~d! 6 K; ~e! 7 K; ~f! 8 K. The curves
are labeled by the value oft/j(T), and the labels are placed near the peak of their respective curves. The data at 2, 6, 7, and 8 K have been
thinned to keep the plots clear. The solid lines are least-squares fits of a functionFp(H)5Chp(12h)q, whereh5H/Hc2 .
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C. ReducedFp„H … curves

When combined with bulk pinning in our APC wires, sur-
face pinning causedFp to approach afinite valueasH→0
for small filament diameters. The intercept atH50 increased
asdf /l decreased, indicating the larger contribution of sur-
face pinning for smaller filament diameters.

However, after subtractingFs according to Eqs.~23! and
~24!, more conventional shapes of the bulk pinning force
curves were obtained. The resultingFp(H) data are pre-
sented as six plots in Fig. 5. Plots~a!–~f! correspond to tem-
peratures between 2 and 8 K, as shown on the plots. The
values oft/j(T) are labeled near the corresponding curve.
Plot ~c! presents data obtained only at 4.2 K for wires which
were too small to measure magnetically. In each of these
plots, the value ofFs(H) was subtracted in a pointwise man-
ner from theFp(H) curves obtained in the previous section.
The valuem0HcB50.237@12(T/Tc)

2# T was used to deter-
mine Js . The solid lines are least-squares fits to a function
Fp(H)5Chp(12h)q, wherep andq are listed in Table III

andC is a constant.
The adjustedFp(H) curves have typical shapes for bulk

flux-pinning force curves. The individual curve shapes and
the evolving curve shape as the value oft/j becomes smaller
resembleFp data reported for other Nb-Ti/Nb APC compos-
ites with filament diameters much larger thanl.23–25 The
curves that received the largest correction are those shown in
Fig. 5~c!. However, these are consistent with the unusual
curves obtained from composites with very thin pins and
large filament diameters, as reported by Matsumotoet al.23

and Heussneret al.24 In these two reports, the peaks of the
Fp(H) curves reached fields as high as 0.66Hc2 . Thus we
believe that our method of subtraction of the surface pinning
is justified.

The curves obtained from magnetization measurements
were somewhat noisy. This is partly due to the small volume
of the samples, for whichm<1027 A m2 at high field. How-
ever, we also observed oscillations ofFp(H) on the order of
3% of the magnitude ofFmax, previously described in Ref.
16. These oscillations do not appear here, only because every
fifth data point is plotted. Some data points lie at the peaks
and others at the valleys of the oscillations.

Finally, we note that theFp(H) curves in Fig. 5 exhibit a
clear variation of shape as a function oft/j. The trend is first
for the curves to increase in magnitude by increasing the
field at which the peak value ofFp is attained, as the pin
thickness is reduced. AfterFp reaches its maximum as a
function of t, the curves continue to peak at ever increasing
reduced fields. An optimum curve can be distinguished in
Figs. 5~a!, ~b!, ~d!, and ~e!. The optimum value oft/j lies
between 1.5 and 2.5, and becomes somewhat smaller as the
temperature increases. A lack of temperature scaling, which
is explicit in Fig. 6, is also evident. The data fort54.8 and
14 nm are plotted in reduced units in order to highlight the
change in the shape ofFp(h).

V. DISCUSSION

A. Comparison of the flux-pinning model and the experiment

There are important similarities between the experimental
data presented in Sec. IV C. and the flux-pinning model de-
scribed in Sec. II. First, the magnitudes of the bulk pinning
forces are in agreement. Takinge055310213 N and j55
nm, both values being appropriate forT52 K, the scaling
valuee0 /j

3 in Fig. 3 is 4000 GN/m3. Thus, the model pre-
dicts maximum bulk pinning forces on the order of 10–100
GN/m3 at 2 K, which encompasses the range of bulk pinning
forces seen in the experimental data, 20–30
GN/m3.

The model also predicts quantitatively the optimization
behavior for our APC conductor containing Nb1Ti pins. At
each temperature, except for 8 K where the data are very
limited, the experimental data show a clearly optimum
Fp(H) curve. The value oftopt/j generally decreases with
increasing temperature: at 2 K,t opt/j'1.5–2.2; at 4.2 K,
2.5; at 6 K, 1.6; at 7 K, 1.3–1.6; and at 8 K,topt/j*1.1. The
decreasing value oftopt/j as temperature increases is consis-
tent with a roughly constant value oftopt. Also, using the
relationshipt opt;jN(T)/3 from the flux pinning model, val-
ues ofjN(Tc) can be extracted. These are 12, 22, 14, 11, and

TABLE III. Fitting parametersp andq for theFp(H) data.

t/j(T) p q hpeak5p/(p1q)

2 K:a

2.7 0.70 2.30 0.23
2.5 0.85 2.30 0.27
1.5 1.04 1.82 0.36
0.94 1.35 1.74 0.44
0.56 1.49 1.47 0.50
4.2 K: a

2.5 0.59 2.08 0.22
1.9 0.93 2.08 0.31
1.3 1.08 1.69 0.39
0.81 1.55 1.63 0.49
0.49 1.90 1.40 0.58
0.44 1.68 0.97 0.63
0.37 1.76 1.04 0.63
0.30 1.60 1.12 0.59
0.24 1.70 1.02 0.63
6 K:
3.8 0.63 3.80 0.14
2.1 0.83 2.93 0.22
1.6 1.31 3.30 0.28
1.1 1.35 2.33 0.37
0.68 1.02 1.22 0.46
0.41 2.05 2.38 0.46
7 K:
3.0 0.15 1.05 0.13
1.6 1.25 2.50 0.33
1.3 1.10 1.67 0.40
0.86 1.40 1.48 0.49
0.55 1.21 1.17 0.51
0.33 2.40 1.20 0.67
8 K:
1.1 2.35 2.81 0.46
0.87 2.10 2.30 0.48
0.39 2.80 2.00 0.58

aFits could not be obtained fort525 nm at 2 K (t/j55.0) and 4.2
K ( t/j54.5).

53 6647FLUX-PINNING MECHANISM OF PROXIMITY-COUPLED . . .



6.7 nm, respectively, from the 2–8 K values oftopt/j(T)
derived above. These average to 13 nm, which is very close
to the dirty limit value of 11.9 nm calculated in Sec. II B.

The modeling of the evolution of theFp(H) curve with
pin thickness in Figs. 3~a!–~c! has the same trends seen in
the experimental data, although the exact curve shapes agree
less well. The optimumFp(H) curves in Figs. 3~a!–~c! all
have peaks nearh50.5, while the optimum experimental
curves have peaks nearh50.3. We think that the lack of
agreement is primarily a consequence of assuming thatf p
has a field dependence proportional to (12h), a point which
we discuss further in Sec. V B. Other potential sources of the
difference inFp(H) curve shape are the interpolation formu-
las for Jp andn. Nonetheless, we find consistent agreement
between the position of the reduced fieldhpeak5p/(p1q)
and the value ofHd /Hc2 , as shown in Fig. 7. Since the value
of the decoupling field approximately locates the local maxi-
mum of the elementary pinning force atH.0, the reduced
field Hd /Hc2 should approximate the positions of the peaks
of the fitted curves. The values ofhpeakare listed in Table III,
and are plotted along with the line given byHd(T,t) for
jN53.3j in Fig. 7. The experimental data points fit the
model rather closely.

The lack of temperature scaling that appears in the experi-
mental data is somewhat consistent with the flux-pinning

model. The model predictions in Fig. 3~d! show the peak in
Fp(h) shifts toward lower field as the temperature increases
when the pin thickness is greater than optimum. However,
there can also be a shift toward higher field with a tempera-
ture increase when the pins are thinner than optimum, as can
be deduced from the sequence of plots in Figs. 3~a!–~c! for
t/j50.5 and 1.0. In the experimental data, we noticed a
somewhat stronger shift toward higher field than predicted
by the model, both whent'j(0), asshown in Fig. 6~a!, and
when t'jN(Tc), as shown in Fig. 6~b!. Also, scaling ap-
peared to hold forT,7 K. The slight difference between the
model predictions and the experimental data may be due to
the fact that Nb1Ti pins are superconducting. In this case the
proximity length can increase with increasing temperature
over a limited range of temperature, instead of having the
temperature dependence given by Eq.~6!. To support this
conjecture, we note that the shift predicted by the model is
seen in TMP Nb-Ti wires havinga-Ti precipitates of shorter
jN ,

8 and for whichTcN of thea-Ti pins is;1 K.
Finally, we find consistency between the model and the

experiment in the temperature dependence of the bulk pin-
ning force. Fp(T) should be proportional toJ0(T)/j(T),
and since J0(T)}(12T/Tc)

2;@Hc2(T)#
2.0 and j(T)

}@Hc2(T)#
20.5, we should observeFp(T)}@Hc2(T)#

2.5.
This is indeed seen. In Fig. 8 we plot the maximum value of
Fp against the value ofHc2(T) for the data in Fig. 5. The
slope of the line drawn through the data is equal to 2.5. We
chose to plot data at the maximum of theFp(H) curve be-
cause similar proximity coupling conditions should apply for
all of the curves. We have already shown in Fig. 7 that the
peaks of the curves lie close to the line given by the decou-
pling field.

B. Validity of the model

We assumed that the order parameter in the superconduc-
tor decreases with increasing field as (12h), giving f p
}(12h). A more appropriate expression may in fact bef p
}(12h)2 since this takes into account the magnetic energy
of the whole vortex lattice.4 However, this conjecture cannot
be explicitly asserted because of the need to consider simul-
taneously ensembles of pinnedAJ vortices, unpinnedA vor-
tices, and many proximity-coupled planar defects. As yet, no
treatment of this complex situation has been presented.

In the absence of such a complete treatment, we therefore
adopt the simplest assumption which permits a clear inter-
pretation of the model. Here the single-fluxon treatment of
the elementary pinning interaction does not include interac-
tions ofA andAJ vortices near a given pinnedAJ vortex. In
principle these must be considered in a complete treatment.
However, since the effective magnetic range of the pins is
l , rather thanl, the overlap is minimal whenH,Hl or
when the pin separation is greater thanl . These two condi-
tions oppose each other: when the pin separation is large,
Hl is low, and vice versa. We therefore expect some dis-
agreement between the experimental results and the model
whenh*0.7 for all pin thicknesses. At high fields, the over-
lap of the potentials of pins which are separated by less than
l and the subsequent interaction ofAJ vortices will reduce
the pinning force.

FIG. 6. The lack of temperature scaling ofFp(H). Normalized
bulk pinning force curves for 2 pin thicknesses are plotted as a
function of the reduced field at different temperatures. The tempera-
ture labels are placed near the peak of their respective curves.
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FIG. 7. Comparison of peak bulk pinning forces. The reduced field where the experimental bulk pinning force curves peak,hpeak, and
the reduced decoupling field are plotted as functions oft/j. The data points are determined by the value ofp/(p1q) for the fit curves, listed
in Table III. The decoupling field, represented by the solid curve, is evaluated forjN53.3j.

FIG. 8. The maximum bulk pinning force as a function of the upper critical field for the experimental data. The line representsFp

}@Bc2(T)#
2.5.
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C. The lack of temperature scaling

Major advances in the understanding of flux-pinning
mechanisms occurred when Fietz and Webb32 emphasized
the temperature scaling of the bulk flux-pinning force in
strong pinning systems. Such behavior is common in super-
conductors other than Nb-Ti. For example, scaling was ob-
served in Nb 1–5 % Ti alloys,32 in A-15 compounds,62 in
NbN,63 and in high-temperature superconductors.64 Classical
flux-pinning theories incorporate scaling as a general prop-
erty of flux-pinning systems with one dominant microstruc-
tural defect and pinning mechanism.4,20 Scaling is a very
powerful and useful idea: If it exists, it is sufficient to mea-
sure the shape of the bulk pinning-force curve at one conve-
nient temperature in order to obtain detailed knowledge of
the dominant pinning mechanism and its controlling micro-
structural defect.

The flux-pinning model developed is fundamentally dif-
ferent from such models because it predicts theabsenceof
temperature scaling, even though there is one dominant mi-
crostructural defect. Lack of temperature scaling is a direct
result of the high density of flux-pinning defects. At high pin
number densities, the pin thickness must tend towards the
proximity-coupled limit. The lack of scaling results because
the proximity effect changes thefield dependence of the el-
ementary pinning force when thetemperatureis changed.
This lack of temperature scaling occurs only when the pin
thickness is of orderjN , but this isexactly the dense pin
arrangement demanded by very high critical current density.

We discuss two examples in the literature concerning
Nb-Ti superconductors below:

~1! Temperature scaling ofFp is not observed in Nb
44–62 wt % Ti. In the work of Meingast, Lee, and
Larbalestier,7,8 discussed in Sec. I, the lack of scaling at large
wire diameter was attributed to pinning by both precipitates
and grain boundaries. At optimum wire diameter, a lack of
temperature scaling ofFp was again observed, even though
the precipitate number density was an order of magnitude
larger than that of the grain boundaries. Meingast, Lee, and
Larbalestier puzzled over this inconsistency and in the end
hypothesized that this could be explained by flux-pinning by
clustersof precipitates. Clusters needed to be invoked be-
cause the diameter of the fluxon core at 8.5 K was three
times the diameter at 4.2 K and approximately equal to the
span of precipitate clusters observed by TEM. However, the
concept of a precipitate cluster is unclear. In the context of
the present model, the precipitate thickness passes through
jN as the temperature is raised, so different proximity cou-
pling conditions exist at different temperatures. SinceHd
}exp(2t/jN) and Jp}(H/Hd)exp(2H/Hd), the field depen-
dence of the elementary pinning force is not the same at
different temperatures. This naturally leads to a lack of scal-
ing of Fp(H). Thus the uncertain concept of precipitate clus-
ters is not needed in our model.

~2! Scaling has been observed in an optimized Nb-Ti/Nb
APC composite having a microstructure which has been de-
termined by TEM examination to be similar to that of a TMP
Nb-Ti composite.17 Although the Fp(h) curves did not
strictly overlap, temperature scaling was observed within ex-
perimental error over the temperature range 2–8.5 K. It was
again reasoned that pin clusters were the defects controlling
the pinning mechanism. However, in this case the flux pin-

ning was thought to be by perturbations ofl, because
Fp(h) was proportional to (12h)3/2. In the context of the
present model, the pin thickness~1–2 nm! in the study of
Ref. 17 would have been much less thanjN (;12 nm! at all
temperatures. The decoupling field would then always be
nearHc2 and Jp would be;J0 for all fields. This implies
that the elementary pinning force would not have any signifi-
cant temperature-dependent proximity-effect contribution.
The bulk pinning-force curves were nearly optimum because
the volume fraction of pins was very high~50%!.14 Thus it is
not necessary to invoke pin clusters to explain the properties
in this case either.

D. Optimization of flux pinning

The fundamental parameter of the flux-pinning model de-
veloped here isjN . In the context of the model, the flux-
pinning properties ofany metal or alloy with planar pins
should be predictable.

The prediction that the optimum pin thickness
topt'jN /3 is strikingly different from classical vortex-core
flux-pinning models, which suggest instead thattopt'2j.
Our experiment concluded thatjN'12(Tc /T)

0.5 nm for
Nb1Ti pins. Thus the experimentally determined optimum
Nb1Ti pin thickness is fairly thick~4–8 nm! when compared
to that ofa-Ti ~1–2 nm!. Because both the pin thickness and
the pin separation reduce simultaneously with increasing
wire-drawing strain, the optimum elementary pinning force
for Nb1Ti occurs for a fairly large pin separation~15–30 nm!
and a fairly low number density of pins. This produces the
unfavorable low-field peak in the optimumFp(H) curve. It
is for this reason that most APC composites have not yet
reached the full potential that artificial, model pin distribu-
tions potentially offer.

In TMP Nb-Ti composites, it is experimentally clear that
the optimum pin separation ofa-Ti precipitates is about 5
nm.7,13 In this case summation of a large number density of
elementary flux-pinning interactions determinesFp(H),
which then develops a peak at mid-field. The finding of an
optimum precipitate thickness of 1–4 nm at 4.2 K by Mein-
gast, Lee, and Larbalestier7 suggests thatjN(Tc);7–10 nm
for a-Ti. This is significantly smaller than the value used by
Stejic et al.14 in their numerical calculations of flux pinning
in multilayers. Indeed, a crucial property of TMP composites
is, in the context of our model, that there is;6% Nb dis-
solved ina-Ti. In addition, oxygen probably segregates pref-
erentially to thea-Ti, further diminishingjN .

65 We took
jN(Tc)57 nm fora-Ti, giving jN(4.2)'j(4.2), in Fig. 3~c!
in order to predict the optimization ofFp(H) for a-Ti pins.
The Fp(H) curves indeed bear a close resemblance to the
optimization behavior for TMP Nb-Ti.8

These two examples suggest that a pin material with a
short proximity length is needed to provide strong high-field
flux pinning in an APC Nb-Ti composite or multilayer thin
film. The optimization behavior of such an APC composite
would then be similar to Fig. 3~c! and would depend on the
volume fraction of pins. TheFp(H) curve for t/j50.1 in
Fig. 3~c! suggests thatFp;80 GN/m3 could be achieved if
the pin number density could be made to be on the order of
m0Hl /f0 . SinceHl;Hd;Hpeak;0.5Hc2 , the number den-
sity of pinning interactions is about 0.5m0Hc2 /f0
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'0.1/j2. This gives a pin volume fraction of about 10%,
assuming all of the pins are parallel to the field. The shapes
and orientations of the pins in a round wire composite will,
of course, be random, and the usual approximation is to as-
sume that half of the pins will be in the perpendicular orien-
tation. Thus, a volume fraction of pins near 20% will instead
be required. It is interesting that this is the volume fraction of
a-Ti pins which can be developed in TMP Nb-Ti, and is
significantly less than the pin volume fraction which can be
put into APC composites.

E. Raising Jc of Nb-Ti wires

The present proximity-effect model answers many
troublesome questions about TMP Nb-Ti composites. It ap-
pears to be in qualitative agreement with the flux-pinning
results for all high-Jc Nb-Ti composites. Moreover, it ap-
pears that the quantitative predictions of the model are in
good agreement with experiments. It should therefore be
possible to raise theJc of real Nb-Ti composites by intelli-
gent pinning-center design.

In APC conductors made so far, their guiding design prin-
ciple has been to addmorepins than can be readily obtained
in a TMP composite. To do this, fabrication compromises
have been a paramount design consideration. This leads to
the selection of pins that are ductile and form strong me-
chanical bonds with the copper sheath and the Nb-Ti matrix.
Pure bcc and fcc metals tend to be chosen, for whichjN is
long. Optimization is then achieved for low number densities
of pins, andFp is weak at high fields. Indeed, the TEM data
in this paper and elsewhere16,17 do not indicate a significant
increase in thenumber densityof pins in optimized APC
wires, as compared to the number density ofa-Ti precipi-
tates in TMP composites,7,13even though thevolume fraction
of pins is 1.5 to 2 timeshigher in the APC composites.

By contrast, the experiment in this paper demonstrates
that it is not necessary to increase the volume fraction of pins
past;20% in order to achieve a strong bulk pinning force.
Even for 15% pins,Fp was 18–20 GN/m3 at optimum fila-
ment diameter. Partly, the apparent increase in efficiency of
the pins is due to the pins being the dilute alloy Nb1Ti rather
than a pure metal, for which the proximity length is short-
ened somewhat as compared to that of pure Nb. Nonetheless,
no APC wire to date has incorporated a pin material with a
proximity length comparable to or shorter than that ofa-Ti

precipitates. Accordingly, no APC wire has exceeded the per-
formance of TMP Nb-Ti wires at high fields, where high
critical current is most desperately needed.

Thus, APC designs which incorporate small volume frac-
tions of concentrated alloy pins should be the next research
step toward higherJc . It is absolutely vital to push the limit
of high-field critical current density, and this paper shows
that this goal cannot be achieved unlessboth the elementary
pinning forceand the number density of pins are the highest
they can be. This will not occur until short proximity-length
pins are incorporated into APC composite designs.

VI. CONCLUSIONS

We have proposed thatmagneticpinning is the dominant
mechanism for proximity-coupled ribbon-shaped pins. We
found that temperature scaling does not occur, and that
Fp(H) is a function of pin thickness at constant temperature,
because changes in the proximity coupling of the pins to the
superconducting matrix cause changes in the elementary
magnetic flux-pinning force. Our experiments on Nb-Ti
wires showed that the optimum bulk pinning force occurs
when the pin thickness is approximatelyjN /3. This value
represents a balance between a high elementary pinning
force and a high number density of flux-pinning interactions.
Further, the peak of the optimumbulk pinning force curve
occurs at low field when the proximity length is equal to
several coherence lengths, as is found for APC Nb-Ti con-
ductors made with pure Nb or Nb 1 wt % Ti pins. The peak
of the optimum curve moves toward the mid-field range
(H/Hc2'0.5) when the proximity length decreases, as oc-
curs for TMP Nb-Ti conductors witha-Ti precipitates. We
conclude that Nb-Ti/Nb APC composites suffer from a lack
of high-field pinning because the proximity length of pure
Nb pins is too long. Thus, we predict that the way to attain
the full potential of APC conductors is to alloy the pins so
that jN is reduced to a smaller and more optimum value.
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