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Analysis of the charge transfer mechanism on„Ba1ÀxNdxCuO2¿d…2 Õ„CaCuO2…n superconducting
superlattices by thermoelectric power measurements
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We have investigated the charge transfer mechanism in artificial superlattices by Seebeck effect measure-
ments. Such a technique allows a precise determination of the amount of charge transferred on each CuO2

plane. A systematic characterization of thermoelectric power in (BaCuO21d)2 /(CaCuO2)n and
(Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n superlattices demonstrates that electrical charge distributes uniformly
among the CuO2 planes in the Ca block. The differences observed in the Seebeck effect behavior between the
Nd-doped and undoped superlattices are ascribed to the different metallic character of the Ba block in the two
cases. Finally, the special role of structural disorder in superlattices withn51 is pointed out by such analysis.
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INTRODUCTION

The crystallographic structure of the infinite layers~IL !
compoundsACuO2 (A5alkaline earth! consists of CuO2
planes, considered the essential feature for high-tempera
superconductivity~HTS!, separated by alkaline-earth plane
Undoped IL compounds are nonsuperconducting. IL-ba
superlattices are formed by two different compounds al
nately stacked in sequence: the first layer is either CaC2
or SrCuO2, the second is BaCuO2. The Ba IL compound is
very unstable and tends to incorporate apical extra oxy
ions, giving rise to a different phase with a doubledc lattice
parameter~1:2:0:1 phase!. Thus, CaCuO2 /BaCuO21d super-
lattices, grown at relatively high oxygen pressure (PO2

'1 mbar), contain extra oxygen ions in the Ba block. T
essential feature of the Ba block~‘‘charge reservoir’’ or CR
block! is then a sizable electrical charge unbalance. Un
these conditions holes are transferred from the CR block
the CaCuO2 block. As a consequence the Ca block becom
superconducting.1 Superconducting properties of the mater
can be engineered varying the structure of the two cons
ent blocks. Following this approach electrical transport pr
erties of (BaCuO21d)2 /(CaCuO2)n superlattices have bee
investigated as a function of the number of superconduc
CuO2 planes, by varying the thickness of the IL bock. T
numbern of CaCuO2 layers has been varied between 1 a
15, while keeping constant all the remaining parameters,
cluding the CR block thickness, so as to change the dop
level per CuO2 plane inside the IL superconducting block.2

The behavior of the critical temperatureTc versus n
shows a number of interesting features:

~1! the maximum value ofTc is reached forn52 – 3;
~2! a steep decrease ofTc occurs forn51;
~3! for n.3Tc decreases gradually until reaching an

sulating state forn.11.

The strong reduction of the transition temperature in then
51 superlattice has been tentatively ascribed to a reduc
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of the quasiparticle mean free path caused by the disorde
the interfaces. TheTc decrease forn.3 has been explained
by taking into account the decrease of the effective dop
ppl ~number of holes per number of CuO2 planes in the unit
cell! of the IL block which occurs when the thickness of th
IL block increases. However, no direct evidence has b
given so far of such a doping mechanism.

In this paper we investigate the actual doping of the Cu2
planes of superlattices with different periodicity and/
chemical composition, by means of Seebeck effect meas
ments, which represent a unique tool for the analysis of
carrier concentration in HTS compounds. All the electron
properties of HTS materials show a close relationship w
the charge carrier concentration of the CuO2 planes. Among
them, an impressive example is the Seebeck effect. Nam
the Seebeck coefficientSshows an absolute value and, mor
over, an unusual temperature dependence which depend
ppl in a very general way, almost independent on the spec
HTS compound investigated.3–5 In particular, the absolute
value ofS(T) exhibits a strong systematic decrease withppl .
The room temperature value of the Seebeck effect taken
convenient parameter falls nearly exponentially withppl
from 500 mV/K for the underdoped samples (0,ppl
,0.16) towards 1–2mV/K in the case of optimal doping
(ppl'0.16), and, finally, reaches the negative value215
mV/K for ppl'0.3 ~maximum doping allowed for high-
temperature superconductivity!. Despite some deviation
found in YBCO compounds, where fully oxygenated Cu
chains become metallic and give a negative contribution
the Seebeck effect,5 most cuprates follow closely this gener
trend so that a universal relation between the Seebeck e
at 290 K andppl was established by Orbetelli, Cooper, a
Tallon ~OCT! and conveniently parametrized by th
relations4

SOCT5372 exp~232.4ppl! mV/K, ppl,0.05 ~1!

SOCT5992 exp~238.1ppl! mV/K, 0.05,ppl,0.15
©2004 The American Physical Society11-1
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SOCT52139ppl124.2 mV/K, ppl.0.155.

These relations provide, in principle, a quantitative eval
tion of the doping of CuO2 planes. The OCT law was applie
to many cuprate superconductors3–10 and superlattices11,12

and, apart from a few cases,7,8 this law seems to account fo
both single- and multiple-CuO2 layers superconductors, de
spite their large differences in structure and chemical co
position. The applicability of the OCT law to many com
pounds in different forms~polycrystals, thin films, and single
crystals! is based on two important features of the Seeb
effect: it is not affected by granularity13 and, within some
extents, it is independent on impurity scattering rates. In
respect the Seebeck effect differs from electrical resistiv
which strongly depends on granularity, disorder, and loc
ization effects which mask its dependence on carrier conc
tration. Indeed, the OCT law has been successfully applie
polycrystals and thin films, with the only caution of takin
the Seebeck effect anisotropy into account; in particular,
~1! describes the Seebeck coefficient of polycrystals and
be easily extended to theab-plane Seebeck coefficient me
sured in thin films which is 3/2 times as much.16 Thus, ther-
mopower measurements have proved to be a precious to
evaluate quantitatively the CuO2 planes doping in novel cu
prates, substituted compounds and artificial superlattices

In this paper we present a systematic analysis of the t
mopower in artificial (BaCuO21d)2 /(CaCuO2)n and
(Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n superlattices. Our goal is
to extract a precise evaluation of the doping level of
CuO2 planes which is of crucial importance in order to e
plain on a quantitative basis the behavior ofTc versusn.

EXPERIMENTAL

(BaCuO21d)2 /(CaCuO2)n and (Ba0.9Nd0.1CuO21d)2 /
(CaCuO2)n superconducting superlattices were grown
pulsed laser deposition~PLD! in high oxygen pressure
(PO2

'1 mbar) at a substrate temperature of about 600
Trivalent ion ~Nd! substitutions in the Ba site were intro
duced so as to reduce the charge unbalance in the CR b
due to excess oxygen, thus improving its chemical stabilit14

A KrF excimer laser (l5248 nm) with a pulse length of 25
nm and a pulse energy of 300 mJ was used for the growth
our experimental setup the laser beam forms an angle of
relative to the target surface and the beam spot is focuse
3 mm2 at the target surface. Targets were mounted o
computer-controlled carousel. The number of laser sh
on each target was adjusted in order to grow differ
artificial structures. During deposition each target rota
around the perpendicular to the surface. BaCuO21d ,
Ba0.9Nd0.1CuO21d , and CaCuO2 targets were prepared ac
cording to the following procedure: stoichiometric mixtur
of high purity CaCO3, BaCO3, CuO, and Nd2O3 powders
were calcinated at 860 °C in air for at least 24 h. The wei
loss was verified. Powders were then pressed in a disk s
and then sintered for 24 h at 900 °C. Pellets resulting fr
this procedure were not single phase. SrTiO3 @~001! oriented#
substrates were placed on a heated holder at a distance
cm from the target. After deposition films were quenched
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room temperature in a few minutes in an oxygen atmosph
Structural properties of films were investigated by x-ray d
fraction using aQ-2Q Bragg-Brentano diffractometer. Trans
port properties were measured by the standard four-pro
technique. Silver contacts were deposited on the subs
surface prior to film growth in order to decrease the cont
resistance. At the end of the deposition procedure, an am
phous protecting layer of electrically insulating CaCuO2 was
deposited on the top of the film~deposition temperature
lower than 100 °C!.

The Seebeck effect measurements were performed
home-built cryostat working from 10 to 300 K. The the
mopower was measured in a steady flux configuration
which the heat flow is supplied to one end of the sample
a strain-gauge heater (131 mm2), while the other end is in
thermal contact with the heat sink. The temperature diff
ence was measured with Au~Fe!-Kp thermocouples, and the
electrical contacts to 99.99% Cu wires were made with
varnish painted on the Ag contacts previously deposited
the substrate. To avoid spurious thermopowers we use a
technique described elsewhere.15 The gradient applied to the
sample was varied from 1 to 0.1 K/cm; the frequency w
chosen as low asn50.005– 0.003 Hz in order to avoid
reduction of the heat-wave amplitude along the sample.

RESULTS AND DISCUSSION

As a preliminary step, the transport properties of the b
Ba block were measured in the Van der Pauw geometry. B
Ba-Cu-O and (Ba0.9Nd0.1)-Cu-O films, about 200 Å thick,
were grown in the same conditions as for the supercond
ing superlattices. In Fig. 1 the resistivity versus temperat
behavior is shown. Both samples are not superconduct
However, a major difference can be noticed in the tempe
ture dependence of their resistivity: the Ba-Cu-O film sho
a more marked semiconducting behavior while, in the c
of the Nd substituted sample, resistivity is almost constan
temperature and its value is about one order of magnit
smaller than in the previous case. This result shows that
main effect of the Nd substitution is a sizable increase of
metallic character of the film. This issue has been confirm

FIG. 1. Resistivity as a function of temperature of Ba-Cu-O a
(Ba0.9Nd0.1)-Cu-O films. In the inset the Seebeck coefficient of t
(Ba0.9Nd0.1)-Cu-O film is reported.
1-2
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ANALYSIS OF THE CHARGE TRANSFER MECHANISM . . . PHYSICAL REVIEW B69, 134511 ~2004!
by thermopower measurements as illustrated in the inse
Fig. 1. The Seebeck effect of (Ba0.9Nd0.1)-Cu-O thin film is
positive and in the temperature range 80–290 K it ha
value typical of common metals of about 1–2mV/K.

Successively the Seebeck effect was investigated in b
pure and Nd substituted superlattices. Firstly we cons
(BaCuO21d)2 /(CaCuO2)n superlattices with different peri
odicity (n52,3,4). In Fig. 2~upper panel! we report the
thermopower of such superlattices as a function of temp
ture. The whole curve from room temperature down to
transition temperature is shown only for the 232 superlat-
tice (TC569 K), while for the 233 and 234 superlattices
only measurements above 80 K are presented. The See
effect of these artificial samples qualitatively follows the u
versal behavior displayed by cuprates, showing the typ
characteristics of samples in the optimal or underdoped
gimes. In 232 superlattices,S(T) behaves like an almos
optimally doped sample, being zero in the superconduc
state, rising towards a maximum just aboveTc before de-
creasing linearly with temperature. As the number of Cu2
planes increases (233 and 234 samples!, S(T) increases in
value and the broad maximum shifts towards higher te
peratures, as expected for a lower doping per CuO2 plane. In
Table I we summarize the values of Seebeck coefficien
290 K @S(290)# and ppl calculated from Eq.~1! for all
samples. We find that the 232 superlattice is slightly under
doped (ppl;0.13), while the doping decreases by increas
the CuO2 planes and for the 234 superlattice we estimat
ppl;0.077.

FIG. 2. Upper panel: Seebeck effect
(BaCuO21d)2 /(CaCuO2)n superlattices with n52,3,4. Lower
panel: Seebeck effect of (Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n super-
lattices withn51,2,6,11.
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We consider now the Nd-doped superlattices. Figure
~lower panel! shows the thermopower measurements
(Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n superlattices withn51, 2,
6, and 11. The first interesting remark that can be extrac
from the data is that the 231 superlattice has lower ther
mopower values than all the other superlattices, indicatin
doping level closer to optimal. At the same time the 231
superlattice has a lower transition temperature and hig
electrical resistivity relative to superlattices with differe
periodicity: both these features could be explained in ter
of underdoping and/or structural disorder. It was pointed
in Ref. 17 that the role of the disorder at the interfa
strongly influences the transport properties and that this
fect becomes more and more important as the numbe
CuO2 planes in the IL block decreases. On the other ha
thermopower, which is less affected than resistivity by t
disorder, indicates a larger doping in the 231 than in the
232 superlattice, clearly attributing the increase of resist
ity and the depression of superconductivity in the 231 su-
perlattice to structural disorder.

Concerning the thermopower dependence on the num
of adjacent CuO2 planes, the overall behavior appears diffe
ent. Starting from the lowestn value the thermopower in
creases with the number of CuO2 planes up ton56, but the
2311 superlattice has lower thermopower than the 236 su-
perlattice.

In Table II we report S~290! and ppl for the
(Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n superlattices calculated
from Eq. ~1!. The holes per CuO2 plane calculated from the
OCT law show the following trend: for the 231 superlattice
ppl;0.14, but with increasingn the calculatedppl decreases

TABLE I. (BaCuO21d)2 /(CaCuO2)n superlattices: room tem
perature Seebeck coefficientS(290); the holes per CuO2 planeppl

calculated by Eq.~1! ~Ref. 16!; (n11)ppl which represents the tota
charge per supercellptot in the hypothesis of equal distribution o
charge among the CuO2 planes.

23n S(290) ~mV/K ! ppl (n11)ppl

232 11 0.13 0.39
233 32 0.10 0.40
234 78 0.077 0.39

TABLE II. (Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n superlattices:
room temperature Seebeck coefficientS(290); the holes per CuO2
planeppl calculated by Eq.~1!.16 In this case, due to the question
able use of the OCT law,ppl values have no more a straightforwa
meaning while a more reliable estimation is given byptot /(n11)
with ptot50.39 ~right column!.

23n S(290) ~mV/K ! ppl ptot /(n11)

231 6.6 0.14 0.19
232 13.5 0.12 0.13
233 19 0.114 0.1
236 27 0.105 0.06
2311 26 0.106 0.03
1-3



th
tic
e
he
th

n
R

e
rm

-

ze

is

ry
th
n-

e

of

of

ys
th
O

f

-
fu

of
f the

ity
Eq.
nd
the

iv-
-
y,
ns,

on-
al

g a
ed.
rge

on-
be

rly

tal
ing
at

-

e
f
se
in

CT
ha-
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slightly and tends to saturate slightly above 0.1 (ppl50.105
and 0.106 forn56 and 11 samples, respectively!. At first
sight, this result could suggest that Nd substitution affects
charge transfer mechanism. On the other hand, the cri
temperatures of these superlattices are similar to thos
superlattices without Nd, indicating that the doping in t
CuO2 planes is not strongly modified by the presence of
rare earth.14,18

A second possibility is that the Nd-doped CR block co
tributes to the thermopower differently from the undoped C
block. To investigate this issue we have to model the S
beck effect in a system of parallel layers. The diffusive te
of the Seebeck effect is given by the Mott formulaS5ṡ/s
where ṡ5]s/]«u«F

is the derivative of the electrical con
ductivity s calculated at the Fermi level. ForN channels
which conduct in parallel, this expression can be generali
in the following way:

S5
ṡTOT

sTOT
5

1

sTOT
(

i
s i•Si , ~2!

wheresTOT5S is i , ṡTOT5Sṡ i , andSi5ṡ i /s i is the See-
beck effect of thei channel.

In the case of superlattices,sTOT is the sum of the con-
ductivity of IL (s IL) and CR (sCR) blocks, sTOT5s IL
1sCR. Assuming that the conductivity of the CR block
negligible (sCR!s IL) and that each CuO2 plane has the
same conductivity (s IL5m•spl , wherem is the number of
CuO2 planes per unit cell! from Eq. ~2! we obtain

S5(
i

s i

sTOT
Si5m

spl

m•spl
Spl5Spl . ~3!

Therefore, the aforementioned hypothesis are necessa
order to obtain a thermopower which is related only to
doping of the CuO2 planes, as occurs in the majority of co
ventional cuprates. The conditionsCR!s IL is certainly valid
for (BaCuO21d)2 /(CaCuO2)n superlattices for intermediat
periodicity. Indeed, the resistivity of the Ba-Cu-O film (r
>1.531024 V m) is three times larger than those
(BaCuO21d)2 /(CaCuO2)n superlattices even forn;8.2

However, the case of the (Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n
superlattices could be different, the resistivity
(Ba0.9Nd0.1)-Cu-O film being much lower (r;1
31025 V m). Assuming that the CR block transfers alwa
the same charge, independently of the IL block thickness,
charge per plane would be related to the number of Cu2
planes in the IL block byptot5m•ppl ~wherem5n11 is the
number of CuO2 planes in the IL block when the number o
CaCuO2 unit cells in the superlattice isn!. Thus, for a
(BaCuO21d)2 /(CaCuO2)n superlattice the room
temperature Seebeck coefficient can be expressed as a
tion of ppl5ptot /(n11),

S5Spl5SOCTS ptot

n11D ~4!

where the right side is given by Eq.~1!. In Fig. 3 we plot the
experimental values S(290) for the (BaCuO21d)2 /
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(CaCuO2)n superlattices as a function of the number
CuO2 planes. We can see that the exponential increase o
experimental data is well fitted by Eq.~1! with ptot50.39
60.01 holes~continuous line!. A close inspection of Eqs.~2!
and ~3! reveals that we cannot exclude small nonuniform
of the charge distribution between the planes. In fact in
~2! there is a sum of the products between conductivity a
the Seebeck effect of each plane: the first decreases with
doping while the latter increases. If the electrical conduct
ity compensates the changes ofS among the planes a non
uniformity of the order of 10% cannot be detected. Anywa
charge distribution can be inspected by other observatio
such as the width of the superconducting transition; a n
uniformity of 10% between the planes modifies the critic
temperature of adjacent planes by nearly 30%, yieldin
much broader transition than that experimentally observ
On the other hand, regardless of the uniformity of cha
distribution, we can reliably conclude that all the (n11)
planes have to participate in the conduction and in this c
dition the total charge transferred by the CR block can
accurately estimated.

Finally, our results support the assumption of a nea
equal distribution of charge among all the (n11) CuO2
planes in the IL block and gives good evidence that the to
charge from the CR block is always the same. Extrapolat
this result forn lower than 2 and larger than 4, we expect th
the optimal dopingpopt;0.16 is obtained withptot /(n11)
;0.16, i.e., 2,n11,3 and that superconductivity disap
pears in superlattices withptot /(n11),pmin;0.04, i.e., n
11.10. The behavior of the critical temperature of th
(BaCuO21d)2 /(CaCuO2)n superlattices as a function o
CuO2 planes17 agrees well with these expectations. The
results show that the Seebeck effect
(BaCuO21d)2 /(CaCuO2)n superlattices follows closely the
universal behavior of cuprates and in such a case the O
law is a useful tool to investigate the charge transfer mec
nism.

FIG. 3. S(290) versus the number of CuO2 planes for the
(BaCuO21d)2 /(CaCuO2)n superlattices with n52,3,4 and
(Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n superlattices withn51,2,3,6,11.
The continuous line is obtained from Eq.~4! with ptot50.39. The
dotted line is obtained from Eq.~4! with ptot50.39, SCR

51.5mV/cm, sCR5105 (V m)21, and s IL(n11)543106(n
11)22.5 (V m)21.
1-4
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For the (Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n superlattices,
the analysis is less trivial because of the circumstance
the Nd-doped CR block is not insulating and that, con
quently, the hypothesissCR!s IL fails. In this case Eq.~2!
can be expressed as

S5(
i

s i

sTOT
Si5

~m•spl•Spl1sCRSCR!

m•spl1sCR

5
~s IL•Spl1sCR•SCR!

s IL1sCR
. ~5!

In order to make use of Eq.~5! we have to make the reason
able assumption that the results found for t
(BaCuO21d)2 /(CaCuO2)n superlattices for n up to 4
~namely that the charge transferred from the CR block is
same for all the superlattices and it is equally distribu
among them5n11 CuO2 planes! are also valid for Nd-
doped superlattices and forn up to 11. In this framework, the
room-temperature Seebeck coefficient becomes

S5
s IL~n11!SOCT@ptot /~n11!#1sCRSCR

s IL~n11!1sCR
. ~6!

The room-temperature Seebeck coefficient depends on
eral parameters: s IL(n11), ptot , sCR, andSCR. To under-
stand the effect of a conducting CR block we choose reas
able values for these parameters: we fixptot50.39 holes,
previously estimated for Nd-free superlattices; forSCR and
sCR we use the experimental values for the ba
Ba0.9Nd0.1CuO21d block @SCR51.5mV/K and sCR
5105 (V m)21], assuming that the metallic properties of th
CR block are only slightly affected by the charge trans
towards the IL block. Fors IL we assume the simple form
s IL(n11)543106

•(n11)22.5 (V m)21 which best fits the
resistivity behavior of superlattices with differen
periodicities.2 The result is plotted in Fig. 3~dotted line!; this
curve increases up ton11'7 – 8 and then slowly decrease
showing the same behavior of the experimentalS(290) val-
ues of the (Ba0.9Nd0.1CuO21d)2 /(CaCuO2)n superlattices.
The fitting of experimental data can be easily improved
slightly changing the parameters of Eq.~6!, but there is little
point in doing this due to the large number of free parame
and to the complexity of the mechanisms into play. Our g
is to account qualitatively for the decrease of the th
Sc
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mopower at largen values as a consequence of the prese
of a metallic CR block. Indeed, for a thin IL block,sCR can
be considered still much smaller thans IL , leading to an
increase ofS(290) asppl decreases. However, but for largen
values, the conductivity of the CR block becomes domin
and the measured thermopower approachesSCR.

Summarizing, the OCT law is valid when the CR bloc
conductivity is negligible compared with that of the IL bloc
On the other hand, when the CR block is metallic and the
block is thick, the parallel layer conduction must be cons
ered.

CONCLUSIONS

Thermoelectric power has been investigated
(BaCuO21d)2 /(CaCuO2)n and (Ba0.9Nd0.1CuO21d)2 /
(CaCuO2)n superconducting superlattices. Even though
analysis, in the case of the undoped artificial structure
restricted ton54, we believe that the large difference in th
behavior ofS versusn for Nd-doped and undoped superla
tices is a clear evidence for the proposed model. It was fo
that the different degree of metallic behavior of the Ba blo
strongly influences the overall Seebeck effect of the sup
lattices. A simple model, which assumes parallel Ba-Cu
and Ca-Cu-O blocks, was considered to take into acco
such an effect. Predictions based on this model were foun
good agreement with experimental results. It was found t
charge carriers~holes! transferred from the CR block ar
equally distributed among the CuO2 planes in the IL block.
Consequently the decrease ofppl for thicker IL blocks, gives
rise to a metal-insulator transition forn.11. Then51 su-
perlattices represent an interesting case. This superlattice
cording to the Seebeck effect measurements, is close to b
optimally doped. However, its transition temperature is mu
lower than then52 sample. Seebeck effect measureme
demonstrate that the worsening of the superconducting p
erties of this superlattice can be ascribed to interface diso
rather than to the decrease of carrier concentration in th
block. Finally, it is worth noticing that Nd substitution doe
not change the doping capability of the CR block, wh
strongly varying its metallic character. This can open int
esting perspectives for the realization of superlattices w
more metallic CR blocks and consequently lower anisotro
and higher critical current density.
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,
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