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Alternating transport-current flow in superconductive films:
The role of a geometrical barrier to vortex motion
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YBa2Cu3O72d films grown on both SrTiO3 single-crystal and rolling-assisted biaxially textured~Ni! sub-
strates~RABiTS! carry high critical current densitiesJc . A geometrical barrier to vortex motion raises the
apparentJc , 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, andJc modestly reduced by the presence of low-angle grain boundaries. Application of dc
magnetic field further lowersJc and raises loss in films.@S0163-1829~99!01833-0#
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INTRODUCTION

Heavy transport current flow is clearly needed for indu
trial applications of high-Tc superconductive cable. Unfortu
nately the presently available materials have exceedin
limited current-carrying capacities in the liquid-nitroge
temperature range. One serious problem is sensitivity
magnetic fields. Tape consisting of Bi-2223 uniaxially te
tured, polycrystalline filament arrays distributed in Ag c
carry loss-free engineering current densities of the orde
104 A/cm2 at 77 K if shielded from magnetic field. A rapi
falloff of this capacity in a field of a few tenths of a tes
effectively eliminates usage in motors and transformers
well as for high-field generation.1 Far weaker sensitivity to
magnetic field makes single crystals or epitaxial films
YBa2Cu3O72d ~YBCO! attractive, but crystals or small chip
are impractical for large-scale applications. Alignment
YBCO grains in possibly usable superconductive wire is
natural endeavor to minimize potential drops associated w
current flow.2–10 The technique11 of cold rolling and anneal-
ing metallic Ni can form highly textured tape with crystallo
graphic cube edges parallel to all surfaces. Epitaxial gro
of an appropriate buffer layer followed by YBCO leads to
polycrystalline film structure with overall granular misorie
tations less than 10° and with grain-to-grain misorientatio
substantially less.12 This high degree of alignment allow
current densities of the order of 106 A/cm2 in the YBCO with
no magnetic field. As a result engineering current densi
of 104 A/cm2 are easily achieved in films with mechanical
durable substrates. Field application lowersJc modestly but
far less than in composite Bi compounds.4,11

Magnetic hysteresis is a natural source of loss in or n
material carrying alternating electrical current—even for c
rent levels below the critical currentI c of the superconduc
tive material. In an earlier study13 our observations were
PRB 600163-1829/99/60~9!/6878~6!/$15.00
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compared with a theory developed by Norris14 for a super-
conductor of elliptic cross section. This geometrical assum
tion conflicts with the rectangular cross sections of our th
film strips. Norris’s theoretical results for a rectangul
conductor ~with uniform critical current density! are dis-
tinctly inconsistent with our data. In this paper we consid
various possibilities to explain the discrepancy with spec
attention to the geometrical barrier. A nonuniform distrib
tion of both transport and shielding current in thin films h
been discussed recently by Brandt and Indenbom15 and by
Zeldov et al.16 These two references cover theoretical p
tures of a number of differing magnetic-field and transpo
current situations. Here we focus on the history applicable
our experimental procedure.

Recent studies17–23 have found strong evidence of a ge
metrical barrier-to-vortex entry, which allows a sharp pe
of the critical current densityJc(x) at the film edge during
half of each cycle. This peak leads to a natural discrepa
between the inherent critical current density and a total c
rent measurement. In addition we show here that it may
responsible for the discrepancy between our data and
classical theory14 of ac loss from hysteresis in the superco
ductor, which assumes a perfectively uniform critical curre
densityJc .

THEORETICAL BACKGROUND

Magnetic field is naturally excluded from the interior o
superconductive material as best shielding currents can
so. It has long been known that this shielding is limited in
sample of thin rectangular cross section because of the n
for infinite current densities at edges in order to perfec
cancel an applied field or the self-field of a conductor. Nor
derived a distribution of transport-current density that wou
produce no magnetic field in a central ‘‘core’’ region an
was limited to a uniform critical valueJc outside this core.
6878 ©1999 The American Physical Society
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Within the core region,uxu,b, he found14

J5
2Jc

p
arctanSAa22b2

b22x2D . ~1!

In the self-field penetration region,b,uxu,a, Norris as-
sumed J5Jc . Obviously, there is no current outside
current-carrying strip~x.a, see Fig. 1!. Recent theoretica
discussion16 of the field-free region treatsJ(x) as an ‘‘image
current’’ that reflects the field induced by the uniform curre
density in the penetration region. This field perpendicula
the strip is zero foruxu,b and

B5
m0Jc

2p
@ ln~a22x2!22 ln~a22b22Ax22b2!#

for b,uxu,a. ~2!

The magnetic flux that enters the superconductive strip i15

FIG. 1. Plot of electrical current densityJ versus distancex from
the center line of a superconductive film strip of width 2a. Initially
a magnetic field applied perpendicular to the film induces shield
current density that is nearly a step function ofx. J assumes the
valueJc sgn(x) over the central region and is sharply peaked at
value 2 sgn(x)Ie /pa1/2d3/2 arctan$@(a22e2)/(e22x2)#1/2% near the
edges,uxu˜e5a2d/2. The dashed line shows the current distrib
tion expected when transport current is subsequently supplied
ing the first half cycle. Positive transport current flows in the reg
x,0, where the induced shielding current was in the negative
rection. J(x) dips below Jc in the region ux2a/2u,b5a(1
2I 0

2/I c
2), where there is no normal self-field, and it cannot exce

Jc except at the right edge, where the geometrical barrier to vo
entry allows it to peak sharply. The peak is shown much wider
clarity than is deduced from our results. The lower solid curve
maximum transport current in the opposite direction must peak
vortex entry past the barrier at the left edge. The upper solid cu
occurs after subsequent increase of transport current to the po
maximum level, and is identical to the dashed line forx.b.
t
o

F5
m0I c

2p F S 11
I

I c
D lnS 11

I

I c
D1S 12

I

I c
D lnS 12

I

I c
D G

'
m0I 2

2pI c
for small I . ~3!

Here I 52adJ. Norris derived a hysteretic energy loss p
cycle, per unit volume of superconductive material, for
conductor of rectangular cross section of area 2ad, carrying
continuous ac current,I 0 cos(vt),Ic52adJc ,

QN5
I c

2m0

2pad F S 12
I 0

I c
D lnS 12

I 0

I c
D1S 11

I 0

I c
D lnS 11

I 0

I c
D2

I 0
2

I c
2G

'
m0I 0

4

12padIc
2 for I 0!I c . ~4!

As a means to describe an intuitive picture of this hyst
etic loss, Norris argued that as the supplied currentI in-
creases, the cross sectional area whereJ5Jc increases. AsI
peaks and then decreases an edge region of reversJ
52Jc forms and then increases its area. The central reg
with distributedJ,Jc continues to flow in the initial direc-
tion until the current densities over the entire penetrat
region have reversed.

Transport current effectively applies magnetic field to t
film strip. References 17–22 argue that shielding current
tributes itself to cancel a normal applied field. Also transp
current peaks at the strip edge outside the core region
uniform Jc . This spatially varying peak current densit
Je(x)5I e /(ad3)1/2 for uxu.e5a2d/2 and Je(x)
5(2I e /pAad3)arctan@A(a22e2)/(e22x2)# for a22I e

2/
p2Jc

2ad2,uxu,e. Normal field is excluded from the latte
region, but penetrates withinb,uxu,a22I e

2/p2Jc
2ad2. Nor-

ris originally argued that work done moving magnetic flu
into the strip isQ/25(2ad)21*

2I 0

I 0 Idf5(4/a)*b
aJcf(x)dx

5(4/a)*b
aJc*b

xB(x8)dx8dx as current increases from2I 0 to
I 0 . To includeJe(x) we add this loss inside the core regio
uxu,x05a22I e

2/p2Jc
2d2a, whereJe(x0)5Jc , to the work

required for flux entry and obtain

Q5~4/a!F E
b

a22I e
2/p2Jc

2d2a
JcE

b

x

B~x8!dx8dx

1E
a22I e

2d/p2Jc
2d2a

a

Je~x!E
b

x

B~x8!dx8dxG .
SinceJe(x) produces no normal field within the film strip
B(x) is given by Eq.~2!,24 and the extra loss due to vorte
entry past the geometrical barrier is of orderf0I e . Note that
once past this barrier flux will jump easily to the edge of t
core region, where current density is limited toJc . Carrying
out the integrals gives a first term,QC'QN(12I e /I 0)4@1
16(I e /padJc)

2#, and a second term,FI e/2ad, with the
condition, I e,I 0!I c52adJc1I e . When I 0,I e vortices
cannot enter, current density isI e /(ad3)1/2, and magnetic
field penetrates only within the narrow edge regiona2d/2
5e,uxu,a. This loss is negligible in comparison with tha
discussed in this paper. Reference 18 givesI e
52Hcl(ad)1/2, but more recent work21 leads to a weaker
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peak with I e51.24Hcl(ad)1/2. Adding this estimate of the
additional loss from the fluxF entry to the loss of Eq.~4!
gives

Qtot5QC1FI e /ad

'
m0

pad F ~ I 02I e!
4

12~2adJc!
2 S 11

6I e
2

p2Jc
2a2d2D 1

I eI 0
2

JcadG . ~5!

While Eq. ~5! is relevant to understanding the data repor
here, we note that our numerical evaluations ofQe rise sub-
stantially abovef0I e when I 0.0.6I c .

An applied magnetic field makes serious changes in
hysteretic picture of ac current flow. The study by Zeldo
Clem, McElfresh, and Darwin16 treats a sizable list of curren
histories. They apply the expected shielding curr
distribution15,25 of

J~x!52
2JC

p
arctanS x

a
Aa22b2

b22x2D ~6!

for x,b andJ(x)5Jc for b,x,a. Note that in the case o
response to high-field application, this spatial depende
approaches a step function ofx@J(x)5Jc sgn(x)#, and for a
thin film a ‘‘high’’ field is not of large magnitude. As dis
cussed in Ref. 18, the geometrical barrier allows this shie
ing current density to peak at the film’s edge as for the tra
port current. Field penetrates roughly when the applied fi
exceedsHcl(d/a)1/2. For a truly thin film,d!a, the shield-
ing current is ineffective, allowing internal fields near
equal to the perpendicular applied fieldH' except within the
extremely narrow field-free region,uxu,b!a. All current
primarily curves vortices within the superconductive film
Strong pinning naturally makes the transport-current dis
bution J(x) similar to what is described above in zero a
plied field. We argue that the primary effect of a high dens
of vortices is a reduction ofJc . Its effect uponI e is not at all
clear, but our data fits discussed below suggest thatH'

changesI e little.
Since current density is limited toJc over most of the

film, a supply of transport current shrinks the region whe
uJ(x)u,Jc and widens the region whereuJ(x)u5Jc in the
direction of the transport current~the latter is analogous to
the flux penetration region when no external magnetic fiel
applied!. As discussed in Refs. 15 and 16, the field-invaria
region @whereJ(x),Jc# initially is restricted to the side o
the center line where shielding current flows opposite to
direction of the transport current. Note that since transp
current applies the Lorenz force,J3B, moving vortices right
to left in Fig. 1, the geometrical barrier requires current d
sity to peak atJe at the right edge in order to permit vorte
entry into the film strip. After the supplied current peaks a
begins to decline,J(x) initially declines very near the edge
a2x!a without changing the normal flux distribution
However, after that edge peak falls toJc transport current
flows in the opposite direction near both edges of the c
ductive strip. Further reduction of current drives vortic
near the edges to move left to right, andJ(x) peaks sharply
to 2Je at the left edge. The absence of any significant bar
d

is
,

t

ce

-
s-
ld

i-

y

e

is
t

e
rt

-

d

-

r

to vortex exit allows it to be limited toJc at the right edge
while the current decreases. The central region becom
new field-invariant region for the remainder of the cycle. T
current distribution within this new field-invariant regio
must reflect the magnetic field induced by the changing to
J(x). Reference 16 discusses the calculation of this im
current. We add an edge current to the uniformJc used to get
Eqs.~57! and~58! of Ref. 16. As supplied current increase
its density must peak at the right edge but not at the
edge. Flux entry during subsequent half cycles will requ
half the work ofI eF/ad. This gives a revised Eq.~5!:

Qtot5QC1FI e/2ad

'
m0

pad F ~ I 02I e!
4

12~2adJc!
2 S 11

6I e
2

p2Jc
2a2d2D 1

I eI 0
2

2JcadG .
~7!

We emphasize that the very high demagnetization factor
thin film in a perpendicular field makes Eq.~7!, rather than
Eq. ~5!, appropriate to the vast majority of situations.

EXPERIMENTAL TECHNIQUES

Cold rolling followed by primary recrystallization natu
rally textures polycrystalline fcc metals~here Ni! to ^100&
axes both perpendicular to the tape and in the roll
direction.11 Epitaxial buffer layers of 0.5mm ceria and 0.5
mm yttrium-stabilized zirconia~YSZ! make a useful sub-
strate. Superconductive YBCO can then be grown epitaxi
by several techniques including pulsed-laser ablation,4 mag-
netron sputtering, or coevaporation.26 The film is patterned to
the structure shown in Fig. 2 in order to force electrical c
rent flow through a relatively narrow~0.2–1-mm wide!
bridge between two current-contact areas~approximately
333 mm!. Several YBCO film strips grown on RABiTS an
a similar YBCO film grown from precursor components d
posited on a SrTiO3 single crystal27 were characterized by
making four-terminal electrical measurements. Current w
supplied through indium or Hg-In alloy pressed betwe
copper blocks and Ag-coated contact areas. Spring cont
for voltage terminals extended about 3 mm perpendicu
from the superconductive strip, sufficiently far28 that voltage
leads can sense magnetic hysteresis as assumed by No14

Transport currents of up to 6 A ataudio frequencies~22–
256 Hz are presented in Fig. 3! were supplied. The sampl
voltage terminals were connected to the differential input
a lockin amplifier,29 used in its tuned amplification mode t

FIG. 2. Diagram of sample with four electrical contacts to t
superconductive film and leads used to measure ac voltages.
mains of magnetizationM are shown within the Ni RABiTS.
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PRB 60 6881ALTERNATING TRANSPORT-CURRENT FLOW IN . . .
measure the loss voltage at the source frequency.~Phase ac-
curacy is limited by instrument resolution of 0.1°.! In addi-
tion both the sample voltage, amplified by the lockin p
amplifier stage in its flat mode, and the drop across a 0.V
low-inductance standard series resistor were periodically
corded in a digital oscilloscope. The voltage drop across
sample was dominated by an inductive signal, 90° from
loss-signal phase. The lockin amplifier phase was freque
set to maximize the drop across the low-inductance stand
In order to analyze the oscilloscope-recorded voltage,

FIG. 3. Electrical energy lossQ per cycle per unit volume from
the average ac current densitieŝJrms&5I 0/23/2ad through
YBa2Cu3O72d films on SrTiO3 and RABiTS with no magnetic field
applied. For currents below the critical value, theories give the c
tinuous lines. The solid lines are based on Ref. 14; the dotted l
include edge currents that peak atJe52Hcl /d; and the dashed line
include larger edge currentsI e50.8 A.
-

e-
e
e
ly
rd.
e

inductive component, proportional to time rate of change
current, was subtracted from the total digitized reading. T
sample’s inherent voltage-current characteristic could t
be deduced from these oscilloscope records. Comparing
calculations from both lockin and oscilloscope data provid
a systematic check of the results.

RESULTS

Our results for transport-current loss per cycle in ze
applied field, shown in Fig. 3, contrast sharply with the r
cent results obtained by Y. Iijimaet al.30 on a similar strip of
YBCO film. Their data for a 1-cm-wide film strip fit the
theory of Norris, Eq.~4! above, while our data~for narrower
strips! clearly show more loss in the regimeI !I c . Note that
in both cases, Norris’s theory14 fits the data very well when
the supplied ac current peaks at the strip’s critical curre
Although it was noted in Ref. 13 that our data agreed r
sonably with Norris’s theory for a conductor of elliptic cros
section, here we emphasize that the scatter was pred
nately on the higher-loss side. Norris’s expression of lo
proportional to I 0

3 for a thin strip applies only forI 0
,BIcd/2a, well beyond the range we studied.

Figure 3 shows both curves generated by Eqs.~4! and~7!.
Note that use ofQtot clearly improves agreement with th
rather widely scattered observations. Although the sca
prevents unambiguous confirmation, the present theory f
within data whileI 0.I e ; in contrast, Norris’s theory for a
strip of rectangular cross section falls faster with decreas
ac current and is well below the data whenI !I c .

Application of a strong field perpendicular to the film r
duces the bulkJc , ultimately bringing predominance of th
geometrical barrier. Figure 4 shows a collection of data w

-
es
ential
low the
at peak at
FIG. 4. Electrical energy lossQ per cycle per unit volume from average ac current densities^Jrms& through YBa2Cu3O72d films on SrTiO3

and RABiTS with a magnetic field of 2 T applied both parallel and perpendicular to the film surface. In the inset the electrical pot
observed with 2 A of current flow is plotted versus the sample angular orientation with respect to the applied field. For currents be
critical value, theories give the continuous lines. The solid lines are based on Ref. 14; the dotted lines include edge currents th
Je52Hcl /d; and the dashed lines include larger edge currentsI e50.8 A.
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a magnetic field of 2 T applied ~which would reduce the
conductivity of composite BSCCO tape to that of the A
matrix!. The inset electric-field dependence upon magne
field orientation indicates the importance of both intrins
pinning by insulatingab planes and pinning by extende
defects31 parallel to the crystallinec direction. The stronger
intrinsic pinning byab planes permits strong bulk curren
flow. The smaller critical current density for magnetic fie
perpendicular to the film surface leads to larger loss. In b
cases the data are more lossy than predicted by Nor
theory, and some of the data strongly suggestQ}^Jrms&

2.
Fitting these data indicates that the geometrical barrier
lows more loss-free dc current flow than does bulk pinn
over a wide range of supplied current less than the crit
valueI c . The parameterI e5a1/2d3/2Je50.8 A is used for all
the curves marked ‘‘Je52Hcl /d’’ in both Figs. 3 and 4.
Only the Hi data~for magnetic field parallel to the surfac
and perpendicular to the crystallinec direction! are fre-
quency independent for small^Jrms&!Jc . The higher-current
data ^Jrms&.Jc obtained in zero applied magnetic field d
crease with increasing frequency, qualitatively as expec
for conduction in Ohmic material. Application of a perpe
dicular field produces such a frequency dependence ove
whole range of ac currents.

Efforts to image magnetic domains within the Ni substr
~with no applied field! showed only magnetization parallel t
the broad tape surface in spite of odd directions of^111& the
preferred Ni magnetization axis.32 Apparently the energy o
magnetic fields outside the Ni led to confinement of mag
field within the ferromagnetic substrate. Magnetization m
surements showed classic hysteretic behavior when a
was applied parallel to the tape surface and negligible eff
of Ni presence when substantial applied field was perp
dicular to the tape. Hysteresis is expected to arise from
required motion of walls between magnetization domai
The requirement of continuous magnetic inductionB makes
the presence of a thin slice of any magnetic material diffic
to sense in a perpendicular field. The magnetic response
more complex when fields smaller than one millitesla~10 G!
are applied, and that situation has not been investigated t
oughly. As discussed above, the current density in the st
of superconductive film distributes itself to generate m
netic field parallel to the film and Ni surfaces, perpendicu
to the direction of current flow along the tape length. T
geometry of the ferromagnetic material favors two doma
magnetized parallel and antiparallel to the long tape direc
as shown in Fig. 2. The field induced by the transport curr
is perpendicular to this magnetization and cannot cause
teresis in the ferromagnetic material. The absence of fe
magnetic hysteresis explains the agreement of loss obse
in film strips deposited on SrTiO3 with that for strips depos-
ited on Ni.

DISCUSSION

While the present study generally confirms the concep
hysteretic ac loss in superconductive tape, it also identi
several limitations to the theoretical picture published
1970~Ref. 14!. As expressed in Eq.~5! a geometrical barrier
both increases the critical current, thereby reducing ac l
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and raises the power dissipated beyond that expected w
the current density, has the uniform valueJc . Field exclu-
sion naturally causes current density to peak with val
greater thanJc at the edges,x'6a, of the superconductive
strip. As expected, the geometrical barrier responsible
this peak adds loss that dominates over the wide intermed
range of^Jrms&,I e/2ad,I 0/23/2ad5^Jrms&,Jc . The expec-
tation that currentI ,I e , the total peak current, can flow
with extremely low loss was not clearly observed. Rather
data reported here shows a substantial random compo
whenI 0,I e . The loss measurements in a perpendicular fi
for the film grown on RABiTS are especially widely sca
tered, and this regime is presently under further study.

The degree of sensitivity to magnetic field will be a ce
tral consideration in various possible applications. A ma
netic field perpendicular to the film induces the ‘‘high-field
current distribution,J(x)'@Jc1I ed(uxu2a)sgn(x)#, where
I ed(uxu2a) represents the narrowly peaked edge curr
density. The demagnetization geometry of a thin film mak
the step functionJc sgn(x), applicable for very modest fields
The critical fieldsHc5Jcd/p of Ref. 15 are of the order o
10 mOe for these two samples. Much more important i
substantial reduction ofI c with the application of teslas
However, we emphasize that this reduction is small in co
parison with that observed in sintered, polycrystalline ma
rials. A magnetic field applied parallel to the film reducesI c
more modestly. Application parallel to the film grown o
SrTiO3 place the loss data close to the levelQe

'm0I 0
2I e/4pa2d2Jc over a wide range in spite of the fac

that I e appears to be less than half ofadJc . We conclude
that power loss in a tape of rectangular cross section ca
fall with reduction of current level as rapidly as previous
expected.

Frequency dependence is unobservable in each sa
whenI ,I c , and shows up clearly whenI .I c . The observed
frequency dependence shows the loss per cycle reduce
an increasing frequency as expected for a resistive mate
although we emphasize that both the loss and its reduc
with frequency are much less for these samples than for
mal metals. Apparently dissipative flux motion plays an im
portant role whenI .I c . This frequency-dependent loss als
increases with increasing applied field. Consistent with t
trend is our observation that the exponent inE(J)}Jn is
reduced with increasing field from a maximumn'20 at very
low field.

Biaxial grain alignment and introduction of crystalline d
fects clearly can increase the critical current density. Ho
ever, a substantial portion of the total critical current of t
narrow strips of thin YBCO films reported here appears
arise from sharply peaked current density at a strip edge
this peak is indeed due to the geometrical barrier as argue
the theoretical background section, the edge current e
mated in Ref. 18,I e'Hcl(ad)1/2'0.8 A, is consistent with
Hcl'400 Oe, which is about twice the value deduced
Ossandonet al.33 for single-crystal YBCO. This peak curren
density is flowing within a distance of the order o
2Hcl

2 /Jc
2d;10– 100mm, a small portion of our 0.2- and

1-mm-wide strips. Although we have not identified a suitab
microstructure, this high estimate forI e might be due to
strong pinning very near the strip edges~the authors of Ref.
17 purposely introduced such pinning!. The entry barrier es-
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timated in Ref. 21 is smaller, more clearly inconsistent w
the interpretation discussed above. The true nature of
effective barrier to vortex entry is not clear at the pres
time.

Finally we address the question of possibly improvi
performance by making a more finely divided pattern on
film strips of width 2a/n. We assume reproducingJc and the
total sample volume, supplying identical currents to aln
strips, and arranging them so they cannot interact. Obvio
the total critical current,I c52(aJc /n1nIe , increases due
to the increased number of film edges. Equation~4! implies
n

y
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that total losses decrease,QN}n21 andQe}n21/2, but not as
fast asI c increases.
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