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We used ferromagnetic artificial pinning centers in superconducting NbTi wires to achieve a large
critical current density ;) in a magnetic field. Four wires were fabricated that contained
nanometer-sized arrays of Ni or Fe pins inside micron-sized filaments gg/Npg, alloy. A
ferromagnetic pin volume of only 2% Ni producdds (e.g., 2500 A/mrhat 5 T, 4.2 K that were
comparable to those of commercial wires that have a pin volume2tf% Ti. We conclude that
ferromagnetic artificial pins are more effective than nonmagnetic pins for a given volume percent.
© 1996 American Institute of PhysidsS0003-695(96)02841-(

To achieve a high critical current density.J in a mag- indicate that wires with larger volumes of Ni may have even
netic field, a bulk type-Il superconductor must have defectdargerJ.'’s.
or second-phase inclusions that pin the vortex lattice. The Four wires were produced; each had an approximate fer-
pin microstructure can be produced in NbTi—the dominantromagnetic pin volume of 2%. Wires A, B, and D had a total
material used for commercial magnet applications—by eithepin volume of 3%: 2% Ni or Fe, with 1% Cu. Wire C had a
of two methods. The first method, used by commercial wiretotal pin volume of 5%: 2% Ni with 3% Cu. Each pin con-
manufacturers, is known as the conventional approach. Thigisted of the ferromagnetic core surrounded by a Cu sleeve.
consists of applying heat treatments to precipitaf€i out of The sleeve was a diffusion barrier that prevented brittle in-
a homogeneous NgTio e, (Nb47wt %T) alloy. The wire is  termetallics from forming between the ferromagnet and the
drawn to reduce the Ti pins to nanometer thicknesd\bTi during hot extrusion.
(~1-2 nm and spacing £ 3-6 nm.! The conventional ap- We developed a novel method to put the pins into the
proach limits the maximum Ti pin volume to approximately NPTi matrix for wires A, B, and D. NbTi rods were stacked
21%12 In recent years, researchers have also used a secofi@ hexagonal close-packed pattern and pin rods were put
method, artificial pinning centef&PCS, to produce pins in into the interstitial spacepsee Fig. Lg)]. This interstitial
NbTi wires3~8 Artificial pins are placed in the NbTi at a @PProach allows the use of small pin volume percentages

macroscopic size and then the composite wire is repeated%%__g’% without the need to drill holes in the NbTi rods for
drawn to produce nanometer pin thickness and spacing. THE® E'ns' e C. a hol drilled in a NbTi rod and th
artificial pin materials used have been either Nb ofl@w- orwire £, a hole was gun-criiied in a | rod and the

field superconductoysor Cu(a normal metal The optimum pin rod was put. inside. This composite rod of NbTi ?nd one
oin volume has been between 20% and 30%. pin was placed in a Cu can and hot extruded at 650 °C. After

. L cold drawing to reduce its diameter further, we cut the com-
We report here on the properties of NbTi wires that con- g

. ) e . osite rod into pieces, etched away the €an cladding,
tain ferromagnetic artificial pins. Because a ferromagnegnd stacked the pieces in a hexagonal pafieee Fig. 10)]
strongly suppresses superconductivity, even a small ferro- ' '

. . . A standard restack and draw process was used to reduce
magnetic region can be a strong pin. The coherence length

for superconductivity penetrating into a ferromagnet is very
short ¢y~ 1 nm),° compared to that for nonmagnetic pin
materials €c,> é1i~ Enp~ 15 nm).1% Therefore, a small fer-
romagnetic pin can significantly depress the order parameter
and create a largeffectivepin volume; this effect of ferro-
magnetic pins is observed in our wires.

We made wires that had hanometer-sized arrays of Ni or
Fe pins inside micron-sized filaments of ]\NigTiy g4 alloy. Ni

pins in NbTi produced’s (e.g., 2500 A/mr at 5 T) that (a) )
were comparable to those of commercial NbTi wire. How- (ONbTi @ Ferromagnetic core
ever, the Ni pin volume was only 2%, in contrast to the inside Cu Sleeve

optimum nonmagnetic pin volumes of 20%—3698 These

results and those for our other wires that contained Ni pinsFIG. 1. Cross section of APC wire filaments before extrusiehinterstitial
approach: pin fills interstitial hole between NbTi rodk) gun-drilled ap-
proach: pin fills gun-drilled hole in center of NbTi rod. Actual filaments
@Electronic mail: daniel.prober@yale.edu contain~ 100 pins(wires B and D or ~ 6000 pins(wires A and G along
PPresent address: APD Cryogenics, Inc., Allentown, PA 18103. with the appropriate number of NbTi rods.
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TABLE |. Description of wires made. 1 T

Pin material Filament diameter B
Wire (vol. %) Pin type Filament type  at F'™* (um)

Ni/Cu (2/1) interstitial large 2
Ni/Cu (2/1) interstitial small 0.2 B
Ni/Cu (2/3)  gun-drilled large 2

Fe/Cu(2/1) interstitial small 0.2

o0 w>»

the pins to nanometer size and spacing. The hexagonal  0.4| ,‘,'
bundle of rods was first placed into a Cu can and then ex- | /4
truded at a temperature of 650 °C. Cold drawing was used to .
reduce the diameter of the wire further. The wire was cut into 0.2 ./
61 pieces which were then restacked in another hexagonal | e
pattern in one of two ways: with the Qgan cladding left 10
on (wires B and D or with the cladding chemically etched o——
off (wires A and @. Thus, wires A and C had a supercon- 0 'f5 10 15 20 25
ducting filament diameterd(;;) that was~10 times larger F max d . (nm)
than that of wires B and B Subsequent wire processing P pm
was identical for all wires. Each hexagonal bundle was
placed in a Cu tube and again cold drawn to reduce the wir€IG. 3. Average saturation magnetizatiod {,) vs pin diameter d;,):
diameter. Leaving the Ciube cladding on, we repeated the (&) wire A; (V) wire B; (@) wire C; (# ) wire D; M for each type of pin
restack and draw process two more times and ultimately rel2s normalized to the value for the largest measured pin diam=tei500
- . ) nm), which was usually within 5% of the bulk value fddg,. Lines are
duced the multifilamentary wire to a diameter as small as 0-%uides to the eye. Inset, at 5 T vsvolume percentage of Ni that remained
mm. A description of all the samples is given in Table |.  ferromagnetioderived fromM g, measurementsn wires A and C.F, for
The critical currents I(;) of the wires were measured 0% Niis from measurements of cold-worked Niee Ref. 2
using the standard 4-probe technique in transverse magnetic
fields from 1 to 9 T. A resistivity criterion of 100 cm  whereB is the applied magnetic field. Ths, dependence on
was used to determinke.. J. was defined a$. divided by B for the wires that had maximumd., are shown in Fig. 2.
the combined area of the NbTi and the piffisrromagnetic  The ferromagnetic pin diameter was4.5 nm and the pin
core with Cu sleevg this area was determined using a stan-spacing (center to centgrwas ~30 nm in all the wires
dard etch and weight techniqyé&or wires B and D, we did shown.
not include the area of the Cigan cladding between the Although all the wires had approximately the same vol-
small filaments in the calculation df.] F, is the bulk pin- ume of ferromagnet2%), wires B and D had additional
ning force density of the wire and is definedfas = J.B, pinning because of small filament size. A comparison be-
tween wires A and B showed that the reduced filament size
increased=, by ~ 5-7 GN/n? for B~ 1-3 T; the magni-
0T T T L tude of this increase was comparable to that observed in
other wires that had submicron NbTi filaments separated by
cu*'2 We attribute the additional pinning to the interfaces
between the Cican cladding and the small NbTi filaments
(d¢j; ~0.2 um). For Wires A and C ds;, ~2 um), the inter-
faces were far enough apdhad lower densityso that they
did not contribute significantly t&,. We conclude that the
gun-drilled Ni pins produce largd¥, than the interstitial Ni
or Fe pins alone. We discuss this below.
In the inset of Fig. 2, we compare tfeg, for wire C with
that of conventional wire used to make resonance imaging
magnetdMRI) and magnets for the Superconducting Super-
Collider (SSQ*3. Both of these conventional wires contained
a precipitated Ti pin volume of 17%—-20%, in contrast to the
2% Ni in our wires.[The 3% Cu diffusion barrier probably
made no significant direct contribution Eg, (see below] **
B(T) Thus, we conclude that ferromagnetic pins are more effective
than nonmagnetic pins for a given volume percent.
Despite their relative strength, the effectiveness of the
FIG. 2_. Bulk pinning forcer:_JcB Vs trans_verse applied‘magnetic_field B: ferromagnetic pins was probably reduced by some pin mate-
(A) wire A; (V_)W|re B; (@) wire C_;(O_)wwe D._Dotted lines forwnfesB rial becoming nonmagnetic at optimum size. If a pin be-
and D are guides to the eye. Solid lines for wires A and C are fits to the ) N
function F b¥¥1-b). Inset:F, vs magnetic field B for wire ¢®) and comes partly nonmagne_tl_c, then it will not depres$ the order
two conventional wiregMRI and SSG. Lines are guides to the eye. parameter as much as if it were fully ferromagnetic, and the
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effective pin volume will be reduced. The evidence for thevortices/unit area increase & we havenpocbl’z, where

loss of ferromagnetic material is shown in Fig. 3. We mea-b=B/H_, andH,, is the upper critical field of the supercon-

sured the average saturation magnetizatin ) of the pins  ductor. Assuming core pinning, we also hafg=(1—-b),

using a SQUID magnetometer at a temperature of 12 K, welvhich reflects the condensation energy los8aspproaches

above theT, of NbTi (T~ 9 K). The loss of magnetization H,. Thus we expecE,=b41—b).® A fit of this func-

for Fe was much larger than that for Ni. However, the bulktional form for F, to the data for wires A and C is shown in

M, Of Fe is three times greater than that of Ni; this mayFig. 2 and is quite gootf.

explain whyF is comparable for wires B and D. At opti- We thank Professor J. I. Budnick, Professor G. Xiao, and

mum pin size @,,~ 4 nm), almost 50% more Ni remained Professor G. M. Luke for the use of their SQUID magneto-

ferromagnetic in wire C than in wires A and B. This corre- meters. We also thank G. M. Ozeryansky, J. D. McCam-

lates with the largeF, of wire C compared to wire A. bridge, X. S. Ling, and R. J. Zieve for many helpful discus-

Because of the nanometer pin sizes, the reasons for tteons. This work was supported by IGC-AS and the State of

loss of magnetic material were difficult to determine. We Connecticut, Department of Economic Development.

speculate that as a result of cold work, some mechanical

mixing of the ferromagnet and the NbTi occurred at the na-

nometer size scale, thus producing a nonmagn@tidess  ic. meingast and D. C. Larbalestier, J. Appl. Phgs, 5962 (1989; C.

strongly magneticalloy. The Fe pins deformed under me- Meingast, P. J. Lee, and D. C. Larbalestier, J. Appl. Pi§6.5971

chanical strain even at intermediate size, while the Ni pins,(1989. _ _

maintained a relatively uniform shape. This would explain géjét;??isjég' McKinnell, and D. C. Larbalestier, Adv. Cryo. EiMat)

the more severe loss of magnetization for Fe compared to Nisg . Dorofejév, E. Y. Klimenko, S. V. Frolov, E. V. Nikolenkov, E. I.

The gun-drilled Ni pins had a thicker Cu barrier and a Plashkin, N. T. Salunin, and V. Y. Filkin, iRroceedings 9th International
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pins; consequentlyM g, of wire C was higher than that of o/
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wires. In optimized conventional wires, the pins are elon- .. jas ~1T

o 1 c .
gated Ti ribbons that are closely spaced3-6 nm.” In 1A hexagonal stack of 61 rods has 9 rods across the point to point diameter.
contrast, our APC wires had round pind,{~4 nm) with a  *2L. D. Cooley and D. C. Larbalestier, Proceedings 8th U.S.-Japan Work-
larger optimum pin spacing< 30 nm. Thus, the maximum  shop on High-Field Superconducting Materialsdited by K. Yamafuji

. - .1 and D. C. LarbalestiefMinistry of Education Science Technology, Gov.
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To approximate the dependencefgf on B more quan- A Ti pin volume of 2.5% provided at most an additional 2 GR/mEu is

o . - . an even weaker pin than Ti. See Refs. 2 and 4.
titatively, we assume a direct summation of pin strengths. II’15The elastic energy cost of vortices bunching up on the pins with spacing

direct summationF, = nyf,, wheren, is the effective less than the equilibrium lattice spacing is much greater than the pinning
number of pins/unit volume ant], is the force of one pin.  energy gained with such bunching. We conclude that the vortices will
We definenp = (vortices/unit are}:(pins/unit vortex Iength have access to fewer pins as the field is increased. See, e.g., E. H. Brandt,

. . Phys. Rev. B34, 6514(1986.
As B increases, the vortex spacing eventually becomes lessgq! <o entional wires, one generally finfisb(L- b).
than the pin spacing; when this occurs, the average numbefyye do not expect this form to hold for wires B and D, which also have

of pins/unit vortex length will decrease 8s 2.1° Since the  interface pinning.

Appl. Phys. Lett., Vol. 69, No. 15, 7 October 1996 Rizzo et al. 2287



