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Increase of the superconductingTc , irreversibility fields, and critical currents in tetragonal
YBaSrCu3ÀxMoxO7¿d
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Recently, we have investigated how the superconducting transition temperatureTc , critical currentsj c , and
irreversibility fieldsBirr , of compounds with multiple CuO2 planes depend on physical properties and struc-
tural features of the blocking layer. To modify conductivity of the CuO chains in the blocking layer and
decrease anisotropy of the YBa2Cu3Oy compound, substitutions of Mo for Cu and Sr for Ba were done.
Synthesis of the YBaSrCu32xMoxO71d compound was optimized for the highestTc and j c . Materials prepared
in air at 960 °C and annealed in 250 atm. O2 at around 650 °C are tetragonal forx>0.1. The Mo substitution
on the Cu chain site increases the oxygen content above 7, and increasesTc from 81 K for x50 to about 86
K for x50.05– 0.10. The ratio of nominal Mo content to the amount of excess oxygen is very close to 2:3 for
all compositions (0.05<x<0.2) and may result from the presence of randomly distributed dimers of corner
shared MoO6 octahedra. The critical currents for the substituted samples reveal the second peak effect arising
from an increased pinning force likely due to the formation of the dimers of MoO6 octahedra in the CuO
chains. The irreversibility lines show good pinning characteristics when compared to Y123.

DOI: 10.1103/PhysRevB.63.054501 PACS number~s!: 74.60.Jg, 74.60.Ge, 74.62.Bf, 74.62.Dh
io

er
r

th
a
d

n

x
ha
xi

t

r-
io
r-

-

ith

r
in

iate
um
ies.
for

rs.
r

ing
l
,
per-
he

ilar

yn-
o,
d in
ate
e for
INTRODUCTION

Several cation substitutions were made for the small
~copper! and for the large ions~barium and yttrium! in at-
tempts to increase the superconducting transition temp
ture in YBa2Cu3O7~Y123!.1–8 In most cases, substitutions fo
copper were found to rapidly decreaseTc and simultaneously
influence the structural properties by decreasing the or
rhombic distortion, eventually resulting in the tetragon
structure.1–3 For Fe and AlTc remained constant up to 5 an
10 % substitution on the Cu-chain site, respectively.2 A mod-
est increase ofTc was conceivably observed by substitutio
of 2–5 % Co.2 The solubility limit for Sr on the Ba site in
YBa22ySryCu3O7 was found aroundy51 under normal syn-
thesis conditions.6 The YBaSrCu3O71d material (y51),
which is tetragonal for20.8,d,20.4, orthorhombic for
20.3,d,0, and ‘‘average tetragonal’’ for 0,d,0.3, has
not been studied in great detail so far despite the larger o
gen nonstoichiometry and richer structural properties t
Y123. This lack of interest may be due to the lower ma
mum superconducting transition temperatureTc'82 K for
YBaSrCu3O71d , d'20.1. Recently, we have found tha
substitution of molybdenum for copper in YBaSrCu3O71d
increasesTc to 86 K with a simultaneous structural transfo
mation to the tetragonal structure. This inverse correlat
between increasingTc and decreasing orthorhombic disto
tion clearly shows that superconductivity with a highTc is
not limited to the orthorhombic structure for Y123 com
pounds. The observed increase ofTc is an example of im-
0163-1829/2000/63~5!/054501~9!/$15.00 63 0545
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proved superconducting properties of a Y123 material w
the substitution of a transition element for copper.

Since YBaSrCu32xMoxO71d materials contain a smalle
strontium cation substituting for the larger barium cation
the intermediate region, it is expected that the intermed
region should be shorter than in Y123 and the molybden
substituted materials may show improved pining propert
Moreover, molybdenum ions are expected to substitute
the chain copper and form the MoO6 octahedra9 which may
locally perturb superconductivity in the CuO2 plains and in-
crease the flux pinning force by providing pinning cente
Thus, the YBaSrCu32xMoxO71d compound is interesting fo
the study of irreversibility fields and critical currents.

Here, we describe optimization of the superconduct
Tc , irreversibility fieldBirr , and persistent intragrain critica
current densityj p by determining the optimum composition
synthesis and annealing conditions. The structural and su
conducting properties of the optimized material with t
highestTc'86 K ~achieved forx50.05– 0.10) are studied in
detail and compared with recently published data for sim
compounds.

EXPERIMENTAL DETAILS

Polycrystalline samples of YBaSrCu32xMoxO71d with x
50, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, and 0.2 were s
thesized from a stoichiometric mixture of oxides of Y, M
and Cu, and carbonates of Ba and Sr. Samples were fire
air at 880–960 °C for several days with frequent intermedi
grindings. Subsequent high pressure anneals were don
©2000 The American Physical Society01-1
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12 h in 20%O2 in argon at a total pressure of 3 kb
(600 atm O2 pressure! at 950–1100 °C or in pure oxyge
(250– 300 atm O2) at 400–900 °C followed by slow cooling
~0.2 deg./min.! to room temperature. Sample homogene
was checked by powder x-ray diffraction. Neutron powd
diffraction data were obtained using the Spatial Environm
Powder Diffractometer~SEPD! at Argonne National Labora
tory Intense Pulsed Neutron Source~IPNS!.10 The grain sizes
and shapes were examined using a Hitachi Scanning E
tron Microscope~SEM!. Susceptibility and magnetizatio
measurements were performed with a Quantum Des
PPMS system. Resistivity was measured using a stan
four-lead dc method.

RESULTS AND DISCUSSION

A. Synthesis and increase ofTc

Samples were fired several times at increasing temp
tures, checked for phase purity, annealed under several
gen pressures and temperatures, and checked forTc . All
studied compositions were single phase when synthesize
air at 940–960 °C. Small amounts of impurities~,3%! were
present for synthesis temperatures lower than 940 °C du
incomplete reaction. Partial melting and small amounts
impurity phases were observed for temperatures higher
960 °C. High pressure oxygen anneals at temperat
around 650 °C followed by slow cooling were found to
the optimal way to increase of the oxygen content and
obtain the highestTc . For the optimized oxygen anneal, th
best samples were obtained when the first synthesis step
made just below the melting temperature at 960 °C. Sm
amounts of calcium, less then 10%, can be substituted
yttrium resulting in a material with lowerTc . The x50,
0.05, 0.10, and 0.20 materials prepared in air at 960 °C
annealed in high oxygen pressure were chosen for struc
and superconducting characterization. Samples withx50
and 0.1 were annealed in 300 atm O2 at 700 °C. Samples
with x50.05 and 0.20 were annealed in 250 atm O2 at 600
and 700 °C, respectively. Small differences of the annea
conditions among samples~pressure, 250–300 atm; temper
ture, 600–700 °C! were not important for the overall oxyge
content and crystallographic structure but affected sligh
the intergrain superconducting properties.

The highestTc'86 K was observed forx50.05– 0.1
samples annealed at high oxygen pressure. For sample
nealed at 1 atm O2 the highestTc'82 K was seen forx
50 – 0.05. Anneals at lower oxygen pressureP(O2)
50.01 atm, quickly decreasedTc (Tc'45 K for x50) and
broadened the transitions. Figure 1 shows normalized re
tivity for three single phase samples which were anneale
oxygen at 1 atm@Fig. 1~a!# and high pressure@Fig. 1~b!#.
Clearly, Tc is a function of both the doping levelx and the
oxygen contentd. The sample withx50 does not changeTc
significantly after the high oxygen pressure treatment. Su
conducting transitions for optimally doped and annea
YBaSrCu32xMoxO71d samples are very sharp, indicatin
good quality of our material@see inset in Fig. 1~b!#. Tc’s for
samples with x50.05– 0.10 are higher than fo
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YBaSrCu3O71d . This is an example of a notable increase
Tc for a Y123 material by substitution of a transition eleme
for copper.

The normal state resistivity displays a complicated te
perature behavior that depends on bothx andd. For example,
the temperature dependencies of the resistivity for thex
50.2 sample annealed at 250 atm O2 and for thex50.1
sample annealed in 1 atm O2 show behavior typical of un-
derdoped materials. For both samples, on cooling from te
peratures much higher thenTc , there is a gradual decrease
resistivity from linear dependence. To relate this behavio
the pseudogap or thec-axis transport properties would re
quire the study of single crystals, which are not available
present.

SEM measurements were performed to determine
shapes and sizes of the grains for all our samples. For
free material, the grains have approximately spherical sh
are well connected, and have a size distribution ranging fr
1 to 6 mm, with most of grains having diameters of about
mm. For Mo-substituted materials, the small grains are
proximately spherical but the largest grains have more pl
like shapes. The grains are well connected and have a
distribution between 1 and 9mm, with most of the grains
having dimensions of about 4mm. Thus, to estimate the
effective superconducting volume fraction of the grains a
to evaluate the critical persistent-currents, an average g
size 3 and 4mm was taken for the nonsubstituted and M
substituted samples, respectively.

FIG. 1. Normalized resistance as a function of temperature
the YBaSrCu32xMoxO71d samples withx50, 0.1, and 0.2, as pre
pared~a! and after the high oxygen pressure anneal~b!. The super-
conducting transition temperature for the nonsubstituted samp
only insignificantly affected by the high pressure anneal.
1-2
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B. Structure and oxygen content

Neutron powder diffraction data were collected for;3 g
samples at room temperature on the Special Environm
Powder Diffractometer~SEPD! at Argonne’s Intense Pulse
Neutron Source~IPNS!.10 The raw data show no impurity
phases. Structural parameters were refined using the Ge
Structural Analysis Software~GSAS! suite of programs.11

Only data from the high-resolution backscattering detec
banks (Dd/d'0.035) were used in the refinements. Init
refinements showed that thex50.05 sample crystallizes in
an orthorhombic space groupPmmm while the x>0.1
samples crystallize in the tetragonal space groupP4/mmm.
Figure 2 shows diffraction data near the 200/020 diffract
peak for several samples. The broadening of the 200/
peak for thex50.05 sample indicates a small orthorhomb
splitting. Figure 3 shows the diffraction data and the bes
Rietveld profile for thex50.2 sample. The substituted M
was found to occupy solely the chain site. Ba and Sr w
found to share the Ba site. During the refinements, Ba an
ions were allowed to have differentz coordinates. The coor
dinates were found to differ by 0.14–0.21 Å. Since the n
tron diffraction patterns showed no impurities, the catio
compositions were fixed at their nominal values.

The oxygen atoms in the CuO2 plane, O~1! and O~2!,
were found to show a typical displacement pattern towa

FIG. 2. Neutron diffraction data near the 200/020 peak for s
eral Mo-substituted samples. The broadening of the peak for thx
50.05 sample indicates the orthorhombic splitting.

FIG. 3. Neutron diffraction data and the best-fit Rietveld profi
for the x50.2 sample.
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the Y site. The O~1! and O~2! occupancies refined to ap
proximately 2.0. The apical oxygen atom O~3! was found to
have a large thermal factor owing to the smaller size of
Sr ion and its displaced position. The value of this therm
factor was reduced by displacing the apical oxygen at
from its initial position@from (0 0z) to (x y z); xÞy for the
x50.05 sample andx5y for the x50.1 and 0.2 samples#.
The site fraction of O~3! was refined to about 0.25 for a
samples studied, indicating that the site is fully occupi
Consequently, the O~1!, O~2!, and O~3! occupancies were
not refined.

The Cu12xMoxOy chain is situated between the tw
~Ba, Sr! layers in the intermediate region of the structu
Consequently, individual chain oxygen atoms observe diff
ent arrangements of the neighboring Sr and Ba atoms and
Cu and Mo atoms leading to local static displacements. It
thus, difficult to determine their precise locations. Howev
the dominant average positions can be refined. For insta
the oxygen atoms are found to occupy two independent s

( 1
2 y 0) and (x 1

2 0) in the orthorhombicx50.05 compound.
Their occupancies are refined as 0.59 and 0.48, respecti
with the site occupancy difference being consistent with
orthorhombic distortion. For thex50.1 and 0.2 tetragona
samples, the occupancies of these sites become equa
symmetry because the positions are equivalent. Howeve
splitting of oxygen atoms into ideal and displaced sites,~1

2 0

0! and (1
2 x 0), is observed.

The total refined oxygen contents that were obtained fr
the refined oxygen occupancies are 7.0760.02, 7.1660.04,
and 7.3060.04 for thex50.05, 0.1, and 0.2 samples, respe
tively. Notably, the ratio of nominal Mo to the amount o
excess oxygen in the blocking layer~i.e., 0.07, 0.16, and
0.30! is very close to 2:3 in all three samples. This ra
could arise from the presence of the randomly distribu
dimers of corner shared MoO6 octahedra in a fashion simila
to that observed for YSr2Cu32xMxOz (M5Mo, W).12 The
oxygen contents are approximately equal to those expe
for replacing chain Cu31 with Mo in its highest allowed oxi-
dation state 61 consistent with the preparation condition
Table I gives a summary of the refined structural coordina
for x50.05, 0.1, and 0.2 samples; selected interatomic b
lengths are given in Table II.

The schematic structure of structurally similar doub
CuO2-plane compounds with a single metal-oxygen layer
the intermediate region is shown in Fig. 4. These compou
can be described in terms of the inter-CuO2-plane distance
d~inter!, which defines the thickness of the intermediate
gion, and the intra-CuO2-plane distanced~intra!, which de-
notes the thickness of the block of CuO2 planes. The sum of
these two distances is equal to thec-axis lattice constant. The
thickness of the blocking layerd~block!, where Mo is sub-
stituted for the chain-site Cu, is defined as twice the C
Mo~1!-O~3! bond length. This region is thought to have
critical effect on thec-axis normal state and superconducti
properties of several high-temperature superconductors.
relevant distances and the superconductingTc’s are given in
Table III for three optimally doped Y123 compound
YBa2Cu3O7, YBaSrCu2.9M0.1O7.16, and YSr2Cu2.8M0.2O7.3.

-
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A systematic decrease ofTc is associated with the shortenin
of the apical bond-length of the planar Cu,d~apical!, as has
been observed for several structurally simi
compounds.13,14The YBaSrCu2.9M0.1O7.16 compound has the
middle d~apical! and, thus, the middleTc . The thickness of
the intermediate regiond~inter!, is for that compound also
between values observed for YBa2Cu3O7 and
YSr2Cu2.8M0.2O7.3.

C. Superconducting properties

Superconducting properties were studied by ac susce
bility x and dc magnetizationM in the temperature rang
from 5 to 100 K using applied fields from 0 to 7 T. Sol

TABLE I. Refined structural parameters fo
YBaSrCu32xMoxO76d .

Atom
Space group

x50.05
Pmmm

x50.1
P4/mmm

x50.2
P4/mmm

a ~Å! 3.82635~7! 3.82210~3! 3.83072~4!

b ~Å! 3.81263~7!

c ~Å! 11.5558~2! 11.5754~1! 11.5984~2!

Y at ~1
2

1
2

1
2!

B ~Å2! 0.51~3! 0.46~3! 0.52~3!

Ba/Sr at ~1
2

1
2 z!

z ~Ba! 0.1922~8! 0.1959~5! 0.1981~6!

z ~Sr! 0.1799~6! 0.1788~4! 0.1801~4!

B ~Å2! 0.93~5! 0.81~4! 0.81~5!

Cu1/Mo at ~0 0 0!
B ~Å2! 1.24~4! 1.14~4! 1.18~4!

Cu2 at ~0 0 z!
z 0.3535~1! 0.3537~1! 0.3551~1!

B ~Å2! 0.60~2! 0.47~2! 0.43~2!

O1 at ~1
2 0 z!

z 0.3733~3! 0.37627~9! 0.3766~1!

B ~Å2! 0.40~5! 0.58~2! 0.59~2!

O2 at ~0 1
2 z!

z 0.3788~4!

B ~Å2! 0.80~6!

O3 at (x y z)
x 0.027~2! 0.0367~8! 0.0374~9!

y 0.042~1! 0.0367~8! 0.0374~9!

z 0.1595~2! 0.1595~2! 0.1597~2!

B ~Å2! 0.56~6! 0.52~6! 0.50~6!

n 0.25 0.25 0.25
O4 at ~x 1

2 0!

x 0.134~3! 0.160~3! 0.156~3!

B ~Å2! 1.3~1! 1.3~1! 1.4~1!

n 0.48~1! 0.60~2! 0.66~2!

O5 at ~1
2 y 0!

y 0.062~3! 0 0
B ~Å2! 1.3~1! 1.3~1! 1.4~1!

n 0.59~1! 0.56~2! 0.63~2!

Rp ~%! 4.17 3.61 3.50
Rwp ~%! 6.03 5.21 5.46
c2 2.435 1.561 1.366
05450
ti-

pieces as well as powdered samples with masses of a
100 mg were used for bothx and M measurements. The
susceptibility was measured upon warming from the ze
field-cooled~ZFC! state using the ac field of 1 Oe at 200 H
For solid samples, measured at zero dc field, the 1 Oe ac
was large enough to separate the higher-Tc intragrain and
lower-Tc intergrain components for thex50.05 sample, but
was not sufficient to show clear intragrain and intergra
shielding properties for thex50 and 0.1 samples. The dif
ferences in shielding properties may result from slightly d
ferent annealing conditions used for those materials. Figu
shows the real part of the ac susceptibilityx8 as a function of
temperature measured at several dc fields for two M
substituted samples. The weaker intergrain shielding for
x50.05 sample is clearly observed for zero and 1–7 T
fields as a second hump and smaller shielding fraction,
spectively. For thex50.05 sample, the coupling betwee
grains is destroyed in fields larger than 1 T at temperatures
above 40 K. For the sample withx50.1, annealed at slightly
higher oxygen pressure and temperature, some interg
shielding is present even at a 7 Tfield indicating much stron-
ger coupling between grains. Similar good intergrain co
pling was also observed for thex50 sample.

Calculation of the intragrain persistent critical curren
from the magnetization loops requires removal of the int
grain contribution to the diamagnetic signal. Therefore,
solid pieces of samples were powdered and susceptib
was measured again. For these powdered samples, the
grain properties were not observed at any temperatures a
5 K for fields above 1 T. Thus, powder samples were use
measure the intragrain critical currents. However, both
powder and solid samples were exploited to study the in
grain irreversibility fields.

The shielding effect and the effective superconduct
volume fraction of grains were estimated from the ac susc
tibility measurements performed at 5 K. The average den
of the solid samples was measured to be'4.8
(60.1) g/cm3; i.e., about 80% of the theoretical materi
density ~6.1 g/cm3!. The absolutex8 values were obtained
using the measured sample volume and correcting the
by taking demagnetizing effects into account. For our so
samples, the demagnetizing factorN is about 0.13. At 5 K
and zero dc field, the correctedx8 values for all solid
samples (x50, 0.05, and 0.1! are about 5% lower than th
ideal value,21/4p, indicating almost perfect shielding, a
expected.

The effective superconducting volume fraction of grainsv
can be estimated for both solid and powder samples w
the grains are decoupled in magnetic fields that are la
enough to depress superconductivity in the intergrain reg
For example, for thex50.05 solid sample,x8(T) measured
in a 7 T field between 40 and 50 K@see Fig. 5~a!# can be
extrapolated to 5 K and used to estimatev. For that reason,
the sample material volume was calculated from the sam
mass and theoretical material density. The approximate
rection for the grain demagnetizing factor was made ass
ing a more spherical (N'0.33) than the platelike shape o
the grains. Then, taking into account the magnetic pene
tion depthl'0.2mm, which decreases the ac-field-screen
1-4
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TABLE II. Selected bond lengths~Å! for YBaSrCu32xMoxO76d .

Distance x50.05 x50.1 x50.2

Y-O1 2.404~2! 2.3882~7! 2.3911~7!

Y-O2 2.371~2!

Ba-Sr 0.14~2! 0.20~1! 0.21~1!

Ba-O1 2.831~8! 2.830~5! 2.820~5!

Ba-O2 2.882~8!

Ba-O3ave 2.731~7! 2.739~3! 2.749~3!

Ba-O4 2.625~9!/3.290~12! 2.613~8!/3.394~10! 2.649~8!/3.263~4!

Ba-O5 2.779~11! 2.966~5! 2.992~5!

Sr-O1 2.938~6! 2.979~3! 2.977~4!

Sr-02 2.991~6!

Sr-03ave 2.714~7! 2.715~5! 2.723~5!

Sr-O4 2.506~10!/3.196~10! 2.443~8!/3.265~9! 2.469~8!/3.268~10!

Sr-O5 2.666~8! 2.817~3! 2.834~3!

~Cu1, Mo!-O3 1.853~2! 1.857~2! 1.863~2!

~Cu1, Mo!-O4 1.974~3! 2.007~4! 2.007~4!

~Cu1, Mo!-O5 1.928~1! 1.91105~2! 1.91536~2!

Cu2-O1 1.9268~5! 1.9288~2! 1.9316~2!

Cu2-O2 1.9286~7!

Cu2-O3 2.250~2! 2.257~2! 2.275~2!
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volume and is only about 15–20 times smaller than the
erage grain diameter, the effective superconducting volu
fraction of grains for the solid sample is computed to bev
'70%. This value may be slightly overestimated, beca
for the solid samples some clusters of the nonsepar
grains may still exist even in high magnetic fields.

For powder samples, a complete grain separation is
served in a 1 Tfield at temperatures down to 5 K.x8 is equal
to about 0.026 emu/cm3 Oe for all three compositions when
as above, the material volume is calculated from the m
sured sample mass and the theoretical material density,
an approximate correction is made for the grain demagne
ing factor (N'0.33). Then, after taking into consideratio
the magnetic penetration depthl'0.2mm, the effective su-
perconducting volume fraction of grains for the powd
samples is found to bev'45%. This value is underesti
mated because it has been calculated for the mean size o
grains, whereas the ‘‘l effect’’ influences smaller grains
more than larger grains~different l/grain-radius ratio!. Con-
sequently, the relatively high effective superconducting v
ume fraction of grains was found to be between 45 and 70
This confirms bulk superconductivity and, moreover, atte
to the good quality of our compound when compared w
pure Y123 (v'70%).15

The irreversibility fieldsBirr
ac andBirr

dc were obtained from
ac susceptibility and dc magnetization measurements,
spectively. The irreversibility linesBirr

ac(T) were derived
from x(T) curves measured at constant dc fields~see Fig. 5!.
Each irreversibility point (Birr

ac,Tirr
ac) was obtained by measur

ing the temperature at which the imaginary part of the
susceptibilityx9 begins to differ from zero. Below the tem
peratureTirr

ac both the critical current and ac losses differ fro
zero, i.e. the magnetization is irreversible. So, the definedTirr

ac

corresponds to a temperature where resistivity is zero and
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diamagnetic signal appears for the real part of the ac sus
tibility x8. More generally, theBirr

ac(T) lines are the upper
bound for theBirr

dc(T) lines that are highly dependent on th
measurement sensitivity. TheBirr

dc(T) lines were determined
by measuring the fields at which magnetic hysteresis for
M (B) loops disappears at constant temperature. Additio
points for theBirr

dc(T) lines were obtained by measuring th
temperatures at which theM (T) curves split when measure
at constant field for zero-field-cooled and field-cool
samples. In both cases the criterion used wasD4pM
50.05 G.

Irreversibility lines determined from both susceptibili
Birr

ac(T), and magnetizationBirr
dc(T), are shown in Fig. 6 for

FIG. 4. Schematic structure of the double-CuO2-plane com-
pounds with a single metal-oxygen layer in the intermediate reg
~Ref. 12!.
1-5
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TABLE III. The relevant distances~see Fig. 4! and superconductingTC’s for the optimally doped
YBa2Cu3O7, YBaSrCu2.9Mo0.1O7.16, and YSr2Cu2.8Mo0.2O7.3.

YBa2Cu3O7 YBaSrCu2.9Mo0.1O7.16 YSr2Cu2.8Mo0.2O7.3

c ~Å! 11.680 11.575 11.486
d~intra! ~Å! 3.373 3.347 3.378
d~inter! ~Å! 8.307 8.228 8.108
d~block! ~Å! 3.700 3.714 3.698
d~apical! ~Å! 2.303 2.257 2.205
TC ~K! 93 86 75
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YBaSrCu32xMoxO71d with x50, 0.05, and 0.1 for solid and
powder samples. The highest irreversibility lines and
largest slopesdBirr /dT, that may indicate the strongest flu
pinning, were obtained for samples withx50.05. For those
samples, the strongest flux pinning is evident in the sim
position of theBirr

dc(T) and Birr
ac(T) lines on theBirr-T dia-

gram ~see Fig. 6!. The similarity of the irreversibility lines
occurs because the strong pinning force that sharpens
transition from liquid to solid vortex states simultaneous
softens the dependence of the irreversibility point (Birr ,T)
on the voltage criterion and, therefore, also on the meas
ment technique used. The smallestdBirr /dT and the largest
divergence betweenBirr

dc(T) andBirr
ac(T) lines are seen for the

x50.1 sample. The most likely reason for decreased pinn
may be poorer coupling of the CuO2 planes through the les
metallic blocking layer. It appears that 10% substitution
Mo for Cu in the chains introduces too much disorder t
decreases the pinning properties when compared with thx
50 and 0.05 samples, despite the higherTc of the x50.1
sample.

FIG. 5. Real part of the ac susceptibilityx8 versus temperature
for the x50.05 ~a! and 0.1~b! solid samples measured at 0, 1,
and 7 T magnetic fields. Strong intergrain coupling is observed
the sample withx50.1 annealed at slightly higher temperature.
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The enhanced pinning properties for the material withx
50.05 are better displayed when theBirr fields are plotted as
a function of reduced temperaturet5T/Tc as presented in
Fig. 7. TheBirr(t) line for thex50.05 sample is about 1 T
above the line for thex50 sample and is very close to th
line obtained for polycrystalline pure Y123.16 In Fig. 7, the
Birr(t) lines for polycrystalline Hg1201~Ref. 17! and single
crystals of Bi2212, LSCO, and Y123~Ref. 18! are also pre-
sented. The single crystal data are shown to provide a c
parison with results that are free of extrinsic pinning. Mor
over, the single crystals were measured in fields paralle
the c axis, i.e., in the direction of the weakest intrinsic flu
pinning. Therefore, the results for single crystals are
pected to show lower irreversibility linesBirr than are ob-
tained for polycrystalline material for which the applied fie
is randomly oriented with respect to the crystal axes.

The Mo ions substituted for Cu in the CuO chains mo
likely influence the superconducting properties in at le
three ways. First, they act as doping elements decreasing
hole concentration. This doping is compensated by exc
oxygen above 7 introduced into the chain region of the str
ture. Second, the Mo-created local structural distortions m
on average, increase the Cu/Mo~1!-O~3! bond length and,
therefore, elevateTc . Third, Mo ions may work as element
creating pinning centers by forming the randomly distribut
dimers of corner sharing MoO6 octahedra, introducing ex
tended distortions and, therefore, perturbing locally sup
conductivity in the CuO2 planes. The isolated perturbatio

r

FIG. 6. Irreversibility fieldsBirr obtained as a function of tem
perature by dc~open symbols! and ac~closed symbols! techniques
for the x50 ~triangles!, 0.05 ~circles!, and 0.1~diamonds! solid
samples~solid lines! and powders~broken lines!.
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with a dimension of 2–3 unit cells in theab plane is compa-
rable to the superconducting coherence lengthj, and there-
fore may act as a pinning center. Assuming a roughly hom
geneous distribution of the dimers of MoO6 octahedra, the
distance between them is on the average 3–4 unit cells
the x50.05 sample, i.e.,'11–15 Å in theab plane. The
distance between pinning centers in theab plane is crucial to
pin vortices in the case of theBic axis. For theB'c axis,
the CuO2 layers, being quasi-two-dimensional pinning ce
ters, work much more effectively than the quasi-ze
dimensional dimers of MoO6 octahedra. Possible ordering o
the randomly distributed dimers along thec axis would form
more effective quasi-one-dimensional pinning centers,
was proposed for Hg12xCrxSr2CuO4.

14,19The relatively short
distance between the MoO6 dimers does not match the dis
tance between vortices in a vortex lattice for any reasona
high dc field and the dimers cannot work as perfect pinn
centers. However, clear evidence for the significant incre
of the pinning force was observed for theBirr(T) lines mea-
sured for thex50.05 sample when compared with thex
50 material.

To determine the critical persistent-current densityj p the
magnetization loopsM (B) were measured at constant tem
perature for powder samples. The Bean formula was use
calculatej p(A/cm2)5kDM /w, whereM is in emu/cm3, w is
a scaling length in cm, andk is a shape coefficient. Th
formula was applied only in the range of magnetic fie
where M was weakly field dependent, i.e., above the fi
peak observed for theM (B) curves. The grain diameter wa
used as the size of the current loopsw for dc fields high
enough to separate grains, as it results from the ac susc
bility measured at various dc fields~see Fig. 5!. The separa-
tion of grains was confirmed by the absence of a sec
maximum in thex9(T) measurements that would mark th
transition to the superconducting state for the intergrain m
terial. The grain decoupling fieldBd was about 1 T at the
decoupling temperatureTd'60, 55, and 50 K for thex50,
0.05, and 0.1 powder samples, respectively. The super

FIG. 7. Irreversibility fields as a function of reduced tempe
ture for YBaSrCu32xMoxO71d samples withx50 ~triangles! and
0.05~circles!; Y123 ~Ref. 16! and Hg1201~Ref. 17! polycrystalline
materials~pc: solid lines!; Bi2212, LSCO, and Y123 single crysta
~Ref. 18! ~sc. broken lines!. The data for single crystals is forB
parallel to thec axis. The superconducting transition temperature
displayed for each compound.
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ducting magnetic and transport properties can be sign
cantly influenced by intergrain coupling for fields small
thanBd or temperatures belowTd . Consequently, the scalin
lengthw and persistent critical current cannot be determin
unambiguously belowBd or Td . As revealed by ac suscep
tibility measurements for our powder samples, the intergr
coupling is small even at 5 K for fields above 1 T. Thus, we
can conclude that for fields above 1 T the intergrain compo
nent of j p can be neglected at any temperature.

The intragrainj p was determined assuming nearly sphe
cal grains (k540), and takingw53, 4, and 4mm as an
average grain diameter for thex50, 0.05, and 0.1 samples
respectively. Figure 8 showsj p as a function ofB for these
compositions at several temperatures between 5 and 77 K
5 K, j p is about 106A/cm2 and almost independent ofB for
all three compositions. Similar values ofj p arise because a
low temperatures the coherence length in thec-axis direction
(jc'3 – 4 Å) is comparable to thed~block! distance for all
compounds, i.e., the blocking region between supercond
ing CuO2 planes may act as a strong intrinsic pinning cent
However, differences in j p(B) among pure and Mo-
substituted samples are expected at higher tempera

-

s

FIG. 8. Critical persistent-currentsj p versus magnetic field a
several temperatures for the YBaSrCu32xMoxO71d samples with
x50 ~a!, 0.05 ~b!, and 0.1~c!. The second peak effect is observe
for the substituted compound only.
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where j increases and other types of pinning centers w
more extended dimensions should act more effectively.

Figure 8~a! shows that for thex50 sample there are thre
regions of j p dependence onB. At low fields, j p decreases
faster than exponentially for all temperatures, similar to ot
high-temperature superconductors. At higher fields, an ex
nential dependence is observed, which below 25 K exte
to fields of at least 7 T. At higher temperatures, the range
exponential dependence is narrowed and followed by a m
rapid decrease, especially above 60 K. No sign of the sec
peak effect in the form of a positive deviation from the e
ponential dependence ofj p(B) is observed for thex50
sample.

Figure 8~b! shows that for thex50.05 composition the
region of the exponential decrease is more narrow
shifted to lower fields for all temperatures suggesting
weaker pinning force at low fields for the Mo-substitut
sample. However, at higher fields a positive deviation
j p(B) from the exponential dependence is observed. For
ample, at 50 K the exponentialj p(B) dependence extend
from 1 to 3 T and is followed by a more rapid decrea
between 3 and 5 T. The decrease is suppressed in fi
above 5 T and thenj p is almost field independent for field
around 7 T. This behavior, frequently called the second p
effect, is even more pronounced at higher temperatures.
critical currents above 70 K are much larger for the sam
with x50.05 than for that withx50. At small fields it is
probably a result of a higherTc for the x50.05 sample. For
fields above 1 T the increasedj p is apparently the result o
an enhanced pinning force caused by introducing of
MoO6 dimers.

Figure 8~c! shows thatj p(B) for the x50.1 sample dis-
plays features similar to those observed for thex50.05
sample. However, both pinning at low fields and the sec
peak effect are weaker for thex50.1 composition, as see
by a more rapid decrease ofj p(B) with increasing tempera
ture. For example, at 50 K the exponentialj p(B) dependence
extends only to 1.5 T, and is followed by a more rapid d
crease between 1.5 and 3 T. This decrease is somewhat
pressed for fields between 3 and 5 T, and finally a ra
decrease is observed again above 5 T. Thus, the second
effect for thex50.1 sample is present only at a much smal
field range than for thex50.05 composition.

The j p(B) curves close toTc are compared in Fig. 9 fo
all three compositions. At 70 K and for fields above 2.2
the j p(B) for the x50.05 sample is the largest. Clearly, th
reason for the largest pinning force is the second peak e
observable forB'1.5– 3.5 T. At higher temperatures, th
second peak effect is even more pronounced forB
'1.0– 2.2 T, wherej p(B) for thex50.05 sample at 77 K is
larger than that for thex50 sample at 70 K. Thex50.1
composition has clearly the weakest intrinsic pinning at
K. However, at 77 K and low fields thej p(B) for this com-
position is similar to that for thex50 sample, probably as
the result of higherTc observed for thex50.1 composition.

The second peak effect, present for both Mo-substitu
samples, can be explained assuming the temperature de
dence of the coherence length, e.g.,jab,c;(12t)21/2. As jc
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increases with increasing temperature, types of pinning c
ters other than the blocking region between the double C2
planes can be important for increasingj p . For the Mo-
substituted samples, the MoO6 dimers locally perturbing su-
perconductivity are likely to be the pinning centers at
evated temperatures. An additional increase of the pinn
force is possible if more extended regions of supercond
ing CuO2 planes would be perturbed and the distance
tween them would increase. Both effects would improve
pinning properties, especially at higher temperatures wh
jab extends for more than several unit cells. Thus, two p
ning mechanisms control the critical current for our M
substituted samples. With increasing temperature, the
type of pinning, caused by the blocking region between
double CuO2 planes, becomes weaker, but simultaneou
the second type of pinning, caused by the MoO6 dimers or
clusters, strengthens and then decays close toTc . Superpo-
sition of these two pinning mechanisms most likely results
the second peak effect observed for our samples.

CONCLUSION

Synthesis conditions and compositions were optimized
the YBaSrCu3O7 superconductor, where smaller Sr is subs
tuted for larger Ba to decrease the distance between the
perconducting blocks of double CuO2 planes. The highestTc
was obtained by substituting Mo to the CuO chain in t
blocking layer and after a high oxygen pressure anneal
preserves good contacts between grains if it is done at h
enough temperature. The Mo-substituted mate
YBaSrCu32xMoxO71d , with x50.05 hasTc585 K and ex-
hibits excellent intrinsic pinning properties when compar
with other high-temperature superconductors. The sca
Birr(t) lines for the composition withx50.05 and pure Y123
are similar. However, in the absolute temperature sc
Birr(T) is worse for thex50.05 sample because of lowerTc
by 6 K. The intrinsic pinning properties of this substitute
material are significantly modified most likely by formatio

FIG. 9. Critical persistent currents versus magnetic field at 7
~closed symbols! and 77 K ~open symbols! for the
YBaSrCu32xMoxO71d samples with x50 ~triangles!, 0.05
~circles!, and 0.1~diamonds!. The second peak effect is the cle
reason for larger critical currents obtained for thex50.05 sample
when compare to the critical currents for the nonsubstituted c
pound.
1-8
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of the MoO6 octahedra dimers. The dimers may locally pe
turb superconductivity on the superconducting cohere
length scale and therefore can act as effective pinning c
ters. A clear evidence for the increased pinning force w
found from a second peak effect present in thej p(B) depen-
dence for the Mo-substituted material, while the effect w
not observed for thex50 sample. More extensive clusterin
of the MoO6 octahedra may be required to further impro
the pinning characteristics for the substituted material. In
dition, a smaller substitution amount may be favorable si
it would increase the distance between the clusters, and
may provide better matching of the pinning center lattice a
, R
s.
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k
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tt,
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the vortex lattice and thereby additionally enhance the p
ning force.
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