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YBa,Cu0,_ films grown on both SrTi@ single-crystal and rolling-assisted biaxially textur@di) sub-
strates(RABITS) carry high critical current densitiek,. A geometrical barrier to vortex motion raises the
apparent]., but also increases power loss associated with ac transport current through such tape above that
expected from Norris’s 1970 theory of hysteretic energy loss. Present theoretical estimates of the geometrical
barrier have insufficient magnitude to account for our observations at low ac current levels. Evidence is
reported that the ferromagnetic Ni substrate makes no significant contribution to the tape self-field loss. Loss
is enhanced, and. modestly reduced by the presence of low-angle grain boundaries. Application of dc
magnetic field further lowerd, and raises loss in film$S0163-182@9)01833-7

INTRODUCTION compared with a theory developed by Notfifor a super-
conductor of elliptic cross section. This geometrical assump-
Heavy transport current flow is clearly needed for indus-tion conflicts with the rectangular cross sections of our thin-
trial applications of highF,. superconductive cable. Unfortu- film strips. Norris’s theoretical results for a rectangular
nately the presently available materials have exceedinglgonductor(with uniform critical current densityare dis-
limited current-carrying capacities in the liquid-nitrogen tinctly inconsistent with our data. In this paper we consider
temperature range. One serious problem is sensitivity tyarous possibilities to explain the discrepancy with special
magnetic fields. Tape consisting of Bi-2223 uniaxially tex- attention to the geometrical barrier. A nonuniform distribu-

tured, polycrystalline filament arrays distributed in Ag cantion of both transport and shielding current in thin films has

carry loss-free engineering current densities of the order Ogeen dlscuslséed recently by Brandt and Inderfﬁcxmq by .
eldov et al™® These two references cover theoretical pic-

2 . . . . .
10* Alem? at 77 K if shielded from magnetic field. A rapid tures of a number of differing magnetic-field and transport-

faIIoff.of thls.cgpamty n a f'?'d of a few tenths of a tesla current situations. Here we focus on the history applicable to
effectively eliminates usage in motors and transformers, a

I tor hiah-field tiohF K vty t Sur experimental procedure.
well as Tor high-Tield generation=ar weaker sensitivity 1o Recent studid$~?have found strong evidence of a geo-
magnetic field makes single crystals or epitaxial films of

, > “'metrical barrier-to-vortex entry, which allows a sharp peak
YBa;Cus07_ (YBCO) attractive, but crystals or small chips of the critical current density (x) at the film edge during
are impractical for large-scale applications. Alignment of5if of each cycle. This peak leads to a natural discrepancy
YBCO grains in possibly usable superconductive wire is a&yetween the inherent critical current density and a total cur-
natural endeavor to minimize potential drops associated withent measurement. In addition we show here that it may be
current flow?"*° The techniqu¥" of cold rolling and anneal- responsible for the discrepancy between our data and the
ing metallic Ni can form highly textured tape with crystallo- classical theor}f of ac loss from hysteresis in the supercon-
graphic cube edges parallel to all surfaces. Epitaxial growthluctor, which assumes a perfectively uniform critical current
of an appropriate buffer layer followed by YBCO leads to adensityJ,.
polycrystalline film structure with overall granular misorien-
tations less than 10° and with grain-to-grain misorientations
substantially les$? This high degree of alignment allows
current densities of the order of 948/cm? in the YBCO with Magnetic field is naturally excluded from the interior of
no magnetic field. As a result engineering current densitiesuperconductive material as best shielding currents can do
of 10* Alcm? are easily achieved in films with mechanically so. It has long been known that this shielding is limited in a
durable substrates. Field application lowé@gsmodestly but  sample of thin rectangular cross section because of the need
far less than in composite Bi compourftis. for infinite current densities at edges in order to perfectly
Magnetic hysteresis is a natural source of loss in or neacancel an applied field or the self-field of a conductor. Norris
material carrying alternating electrical current—even for cur-derived a distribution of transport-current density that would
rent levels below the critical curremt of the superconduc- produce no magnetic field in a central “core” region and
tive material. In an earlier study our observations were was limited to a uniform critical valué, outside this core.

THEORETICAL BACKGROUND
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Herel=2adJ. Norris derived a hysteretic energy loss per
cycle, per unit volume of superconductive material, for a
conductor of rectangular cross section of areal,2carrying
continuous ac current, cost)<l,=2adJ.,
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-1 As a means to describe an intuitive picture of this hyster-
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creases, the cross sectional area wilerd, increases. A$

FIG. 1. Plot of electrical current densifyversus distance from peaks and then decreases an edge region of reversed
the center line of a superconductive film strip of widta. 2nitially =—J, forms and then increases its area. The central region
a magnetic field applied perpendicular to the film induces shieldinguith distributedJ<J, continues to flow in the initial direc-
current density that is nearly a step function>ofJ assumes the  tion until the current densities over the entire penetration
value J. sgnk) over the central region and is sharply peaked at theregion have reversed.
value 2 sgn()l/ma'*d*arctarf{(a?~€)/(€—x*)]"% near the Transport current effectively applies magnetic field to the
edges|x| »e=a—d/2. The dashed line shows the current distribu- ) 5yrin References 1722 argue that shielding current dis-
tion expected when transport current is subsequently supplied dugzy, o< jtself to cancel a normal applied field. Also transport

ing the first half cycle. Positive transport current flows in the region . . . .
x<0, where the induced shielding current was in the negative di-Current peaks at the strip edge outside the core region with

rection. J(x) dips below J, in the region |x—a/2|<b—a(l uniform J.. 'I;hﬁ2 spatially varying peak current density,
—13/1%), where there is no normal self-field, and it cannot exceed’e(X) = le/(ad) for 5 |x|2>e=2a—(3/2 and ‘]e();)

J. except at the right edge, where the geometrical barrier to vortex® (21 e/ m/ad®)arctar(a”— €*)/(e*~x?)] for a-21g/
entry allows it to peak sharply. The peak is shown much wider form>Jzad?<|x|<e. Normal field is excluded from the latter
clarity than is deduced from our results. The lower solid curve forregion, but penetrates withim< |x|<a— 212/ 72J2ad?. Nor-
maximum transport current in the opposite direction must peak foris originally argued that work done moving magnetic flux

vortex entry past the barr_ier at the left edge. The upper solid CUVénto the strip isQ/2= (2ad) 1S '_0I ld p=(4/a) [3I.H(x)dx

occurs after subsequent increase of transport current to the positive ar rx , , o

maximum level, and is identical to the dashed linexorb. =(4/2) [pJc[pB(x")dx dx as current increases froml to
lo. To includeJ.(x) we add this loss inside the core region,

x| <xo=a—212/7?J2d?a, whereJy(xq)=J., to the work
required for flux entry and obtain

Within the core region|x|<b, he found*

23, a’—b’ ~ (4l Ja‘z'g’”%idzaJ J'XB x")dx' dx
J=7arctar( W (1) Q=(4/a) b c], (x")
a X
In the self-field penetration regiom<|x|<a, Norris as- +L72Izd,wzjzdza‘]e(x) fb B(x")dx'dx|.

sumed J=J.. Obviously, there is no current outside a
current-carrying strigx>a, see Fig. 1 Recent theoretical SinceJ(x) produces no normal field within the film strip,
discussiol® of the field-free region treaty(x) as an “image  B(x) is given by Eq.(2),2* and the extra loss due to vortex
current” that reflects the field induced by the uniform currententry past the geometrical barrier is of ordgjl .. Note that
density in the penetration region. This field perpendicular toonce past this barrier flux will jump easily to the edge of the
the strip is zero fofx|<b and core region, where current density is limitedJo. Carrying
out the integrals gives a first terr@c~Qn(1—1o/19)*[ 1
] +6(l/madJl.)?], and a second termpl/2ad, with the
_ Moe 22y 2_ 2 K2 R2 condition, 1.<lg<l.=2adJ.+1.. When |,<I, vortices
B= % [In@—x)~2n(@"—b"=Vx"~b%)] cannot enter, current density Is/(ad®)¥?, and magnetic
field penetrates only within the narrow edge regend/2
=e<|x|<a. This loss is negligible in comparison with that
discussed in this paper. Reference 18 givdg
The magnetic flux that enters the superconductive sttp is =2H(ad)¥2 but more recent wofk leads to a weaker

for b<|x|<a. (2
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peak withl,=1.2H.(ad)¥2 Adding this estimate of the [ poooeee
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gives BUFFER
LAYER
DOIMVIAIN

WWALL

Quot=Qct+ @l /ad

(lo—1e)* 6l
12(2adJ,)? m2Ja%d?

FIG. 2. Diagram of sample with four electrical contacts to the
superconductive film and leads used to measure ac voltages. Do-

lelg
() mains of magnetizatioM are shown within the Ni RABITS.
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While Eq. (5) is relevant to understanding the data reporte
here, we note that our numerical evaluation€gfrise sub-
stantially abovepgl . whenly>0.6l.

An applied magnetic field makes serious changes in thi
hysteretic picture of ac current flow. The study by Zeldov
Clem, McElfresh, and Darwifi treats a sizable list of current
histories. They apply the expected shielding curren
distributiont>?* of

Oko vortex exit allows it to be limited td. at the right edge
while the current decreases. The central region becomes a
new field-invariant region for the remainder of the cycle. The
Turrent distribution within this new field-invariant region
'must reflect the magnetic field induced by the changing total
J(x). Reference 16 discusses the calculation of this image
Lurrent. We add an edge current to the unifdrhused to get
Egs.(57) and(58) of Ref. 16. As supplied current increases,
its density must peak at the right edge but not at the left
X |a’—=b ) edge. Flux entry during subsequent half cycles will require
2

2Jc
J(x)=— Tarctar(a e a— (6)  half the work ofl .®/ad. This gives a revised Eq5):

for x<b andJ(x)=J. for b<x<a. Note that in the case of Qo= Qc+ Pl /2ad
response to high-field application, this spatial dependence

approaches a step function xfJ(x) =J. sgn)], and for a wo | (Ig—1g)* 6I§ Ielé

thin film a “high” field is not of large magnitude. As dis- ~rad|122add)?| T w2a%aed?) T 23.ad|
cussed in Ref. 18, the geometrical barrier allows this shield-

ing current density to peak at the film’s edge as for the trans- (7

port current. Field penetrates roughly when the applied field

exceedsH (d/a) 2, For a truly thin film,d<a, the shield- \ye emphasize that the very high demagnetization factor of a
ing current is meffe_ctlve, aIonvmg internal f|ellds. nearly thin film in a perpendicular field makes E€f), rather than
equal to the perpendicular applied fi¢td except within the Eq. (5), appropriate to the vast majority of situations.
extremely narrow field-free regionx|<b<a. All current

primarily curves vortices within the superconductive film.
Strong pinning naturally makes the transport-current distri-
bution J(x) similar to what is described above in zero ap- EXPERIMENTAL TECHNIQUES
plied field. We argue that the primary effect of a high density  Cold rolling followed by primary recrystallization natu-
of vortices is a reduction af. . Its effect uporl is not at all rally textures polycrystalline fcc metalhiere Nj to (100
clear, but our data fits discussed below suggest Hhat axes both perpendicular to the tape and in the rolling
changed. little. direction!! Epitaxial buffer layers of 0.5um ceria and 0.5
Since current density is limited td. over most of the ym yttrium-stabilized zirconiaYSZ) make a useful sub-
film, a supply of transport current shrinks the region wherestrate. Superconductive YBCO can then be grown epitaxially
|3(x)|<J. and widens the region whetd(x)|=J in the by several techniques including pulsed-laser ablgtiorag-
direction of the transport currerithe latter is analogous to netron sputtering, or coevaporatittiThe film is patterned to
the flux penetration region when no external magnetic field ishe structure shown in Fig. 2 in order to force electrical cur-
applied. As discussed in Refs. 15 and 16, the field-invariantrent flow through a relatively narrow0.2—1-mm widg
region[whereJ(x) <J] initially is restricted to the side of bridge between two current-contact are@pproximately
the center line where shielding current flows opposite to thesx3 mm). Several YBCO film strips grown on RABITS and
direction of the transport current. Note that since transporh similar YBCO film grown from precursor components de-
current applies the Lorenz forcgx B, moving vortices right  posited on a SrTi@single crystal’ were characterized by
to left in Fig. 1, the geometrical barrier requires current denmaking four-terminal electrical measurements. Current was
sity to peak atl, at the right edge in order to permit vortex supplied through indium or Hg-In alloy pressed between
entry into the film strip. After the supplied current peaks andcopper blocks and Ag-coated contact areas. Spring contacts
begins to decline](x) initially declines very near the edge, for voltage terminals extended about 3 mm perpendicular
a—x<a without changing the normal flux distribution. from the superconductive strip, sufficiently #that voltage
However, after that edge peak falls d@ transport current leads can sense magnetic hysteresis as assumed by Norris.
flows in the opposite direction near both edges of the con- Transport currents of upt6 A ataudio frequencie€22—
ductive strip. Further reduction of current drives vortices256 Hz are presented in Fig) &ere supplied. The sample
near the edges to move left to right, alk) peaks sharply voltage terminals were connected to the differential input of
to — J, at the left edge. The absence of any significant barriea lockin amplifier?® used in its tuned amplification mode to
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10° e MM m sy inductive component, proportional to time rate of change of

1o 1 e STO22Hz current, was subtracted from the total digitized reading. The
LA sample’s inherent voltage-current characteristic could then
102l v Ni22Hz be deduced from these oscilloscope records. Comparing loss
° E * Ni 75 Hz . . . ,
g ; +  Ni286 Hz calculations from both lockin and oscilloscope data provided
(&) 10° L .
o> e a systematic check of the results.
<\E’ 104
= £
O 105 +* * RESULTS
o 1.6x10
108 ' v l ' Our results for transport-current loss per cycle in zero
B A y applied field, shown in Fig. 3, contrast sharply with the re-
I T e AT EET cent results obtained by Y. lijimet al*° on a similar strip of
<Jims> (A/cm2) YBCO film. Their data for a 1-cm-wide film strip fit the

theory of Norris, Eq(4) above, while our dat&or narrower
FIG. 3. Electrical energy los® per cycle per unit volume from  Strips clearly show more loss in the reginhes ;. Note that
the average ac current densitie€)o=1,/2%%ad through in both cases, Norris’s thedi/fits the data very well when
YBa,Cu;0,_; films on SrTiQ and RABITS with no magnetic field the supplied ac current peaks at the strip’s critical current.
applied. For currents below the critical value, theories give the conAlthough it was noted in Ref. 13 that our data agreed rea-
tinuous lines. The solid lines are based on Ref. 14; the dotted linesonably with Norris’s theory for a conductor of elliptic cross
include edge currents that peaklat=2H, /d; and the dashed lines section, here we emphasize that the scatter was predomi-
include larger edge currentg=0.8 A. nately on the higher-loss side. Norris’s expression of loss
proportional tol,® for a thin strip applies only forl,
<Bl.d/2a, well beyond the range we studied.
measure the loss voltage at the source frequeiyase ac- Figure 3 shows both curves generated by Edjsand(7).
curacy is limited by instrument resolution of 0.1fn addi-  Note that use o, clearly improves agreement with the
tion both the sample voltage, amplified by the lockin pre-rather widely scattered observations. Although the scatter
amplifier stage in its flat mode, and the drop across a(D.5- prevents unambiguous confirmation, the present theory falls
low-inductance standard series resistor were periodically rewithin data whilely>1,; in contrast, Norris’s theory for a
corded in a digital oscilloscope. The voltage drop across thstrip of rectangular cross section falls faster with decreasing
sample was dominated by an inductive signal, 90° from theac current and is well below the data whiesl .
loss-signal phase. The lockin amplifier phase was frequently Application of a strong field perpendicular to the film re-
set to maximize the drop across the low-inductance standarduces the bulkl.., ultimately bringing predominance of the
In order to analyze the oscilloscope-recorded voltage, thgeometrical barrier. Figure 4 shows a collection of data with
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FIG. 4. Electrical energy los? per cycle per unit volume from average ac current densjigg) through YBaCusO,_ ;s films on SrTiG
and RABITS with a magnetic fieldf@ T applied both parallel and perpendicular to the film surface. In the inset the electrical potential
observed wih 2 A of current flow is plotted versus the sample angular orientation with respect to the applied field. For currents below the
critical value, theories give the continuous lines. The solid lines are based on Ref. 14; the dotted lines include edge currents that peak at
J.=2H/d; and the dashed lines include larger edge currbnt.8 A.
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a magnetic field b2 T applied (which would reduce the and raises the power dissipated beyond that expected when
conductivity of composite BSCCO tape to that of the Agthe current density, has the uniform valdig. Field exclu-
matrix). The inset electric-field dependence upon magneticsion naturally causes current density to peak with values
field orientation indicates the importance of both intrinsicgreater thanl, at the edgess~ *a, of the superconductive
pinning by insulatingab planes and pinning by extended strip. As expected, the geometrical barrier responsible for
defects® parallel to the crystalline direction. The stronger, this peak adds loss that dominates over the wide intermediate
intrinsic pinning byab planes permits strong bulk current range of(J;me,le/2ad<Iq/2%%ad=(J,no<J.. The expec-
flow. The smaller critical current density for magnetic field tation that current <lI,, the total peak current, can flow
perpendicular to the film surface leads to larger loss. In botlwith extremely low loss was not clearly observed. Rather the
cases the data are more lossy than predicted by Norrisdata reported here shows a substantial random component
theory, and some of the data strongly sugg@st(J,me?>. whenl<I.. The loss measurements in a perpendicular field
Fitting these data indicates that the geometrical barrier alfor the film grown on RABITS are especially widely scat-
lows more loss-free dc current flow than does bulk pinningtered, and this regime is presently under further study.
over a wide range of supplied current less than the critical The degree of sensitivity to magnetic field will be a cen-
valuel .. The parameter,=a%d®2),=0.8 A is used for all  tral consideration in various possible applications. A mag-
the curves marked J.=2H/d” in both Figs. 3 and 4. netic field perpendicular to the film induces the “high-field”
Only the HIl data(for magnetic field parallel to the surface current distribution,J(x)~[J.+1.6(|x| —a)sgn&)], where
and perpendicular to the crystalline direction are fre- 1.8(|x|—a) represents the narrowly peaked edge current
quency independent for smal,,o <J.. The higher-current density. The demagnetization geometry of a thin film makes
data(J,,9>J. obtained in zero applied magnetic field de- the step functiod, sgn), applicable for very modest fields.
crease with increasing frequency, qualitatively as expecte@he critical fieldsH.=J.d/ = of Ref. 15 are of the order of
for conduction in Ohmic material. Application of a perpen- 10 mOe for these two samples. Much more important is a
dicular field produces such a frequency dependence over tteubstantial reduction of ;. with the application of teslas.
whole range of ac currents. However, we emphasize that this reduction is small in com-
Efforts to image magnetic domains within the Ni substrateparison with that observed in sintered, polycrystalline mate-
(with no applied field showed only magnetization parallel to rials. A magnetic field applied parallel to the film redud¢es
the broad tape surface in spite of odd directiongldfl) the  more modestly. Application parallel to the film grown on
preferred Ni magnetization axié.Apparently the energy of SrTiO; place the loss data close to the leve,
magnetic fields outside the Ni led to confinement of magnegﬂo|g|e/4WaZd23C over a wide range in spite of the fact
field within the ferromagnetic substrate. Magnetization meathat |, appears to be less than half aflJ,. We conclude
surements showed classic hysteretic behavior when a fielghat power loss in a tape of rectangular cross section cannot
was applied parallel to the tape surface and negligible effecty| with reduction of current level as rapidly as previously
of Ni presence when substantial applied field was perpenexpected.
dicular to the tape. Hysteresis is expected to arise from the Frequency dependence is unobservable in each sample
required motion of walls between magnetization domainsyhenl| <I., and shows up clearly when~1 .. The observed
The requirement of continuous magnetic induct®makes  frequency dependence shows the loss per cycle reduced by
the presence of a thin slice of any magnetic material difficultan increasing frequency as expected for a resistive material,
to sense in a perpendicular field. The magnetic response gedthough we emphasize that both the loss and its reduction
more complex when fields smaller than one millitesl@ G with frequency are much less for these samples than for nor-
are applied, and that situation has not been inveStigated thOfnai metals. Apparentiy dissipative flux motion piays an im-
oughly. As discussed above, the current density in the stripgortant role when>1. This frequency-dependent loss also
of superconductive film distributes itself to generate magincreases with increasing applied field. Consistent with this
netic field parallel to the film and Ni surfaces, perpendicularend is our observation that the exponentBfJ)ecJ” is
to the direction of current flow along the tape length. Theredyced with increasing field from a maximum: 20 at very
geometry of the ferromagnetic material favors two domainggyy field.
magnetized parallel and antiparallel to the long tape direction Bjaxjal grain alignment and introduction of crystalline de-
as shown in Fig. 2. The field induced by the transport currenfects clearly can increase the critical current density. How-
is perpendicular to this magnetization and cannot cause hygver, a substantial portion of the total critical current of the
teresis in the ferromagnetic material. The absence of ferrongrrow strips of thin YBCO films reported here appears to
magnetic hysteresis explains the agreement of loss observegise from sharply peaked current density at a strip edge. If
in film strips deposited on SrTiwith that for strips depos-  thjs peak is indeed due to the geometrical barrier as argued in
ited on Ni. the theoretical background section, the edge current esti-
mated in Ref. 18) ,~H(ad)¥?>~0.8 A, is consistent with
H.=~4000e, which is about twice the value deduced by
Ossandoret al 2 for single-crystal YBCO. This peak current
density is flowing within a distance of the order of
While the present study generally confirms the concept oQH§|/J§d~10—100,um, a small portion of our 0.2- and
hysteretic ac loss in superconductive tape, it also identified-mm-wide strips. Although we have not identified a suitable
several limitations to the theoretical picture published inmicrostructure, this high estimate fdg might be due to
1970(Ref. 19. As expressed in Eq5) a geometrical barrier strong pinning very near the strip edggéise authors of Ref.
both increases the critical current, thereby reducing ac 10s4,7 purposely introduced such pinnjnghe entry barrier es-

DISCUSSION
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timated in Ref. 21 is smaller, more clearly inconsistent withthat total losses decreas@y,<n~* andQ.<n~*2, but not as
the interpretation discussed above. The true nature of thiast asl. increases.

effective barrier to vortex entry is not clear at the present
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