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Recently, we have investigated how the superconducting transition tempéeFatuatical currentg ., and
irreversibility fieldsB;,, of compounds with multiple Cufplanes 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 YE&,O, compound, substitutions of Mo for Cu and Sr for Ba were done.
Synthesis of the YBaSrGu,Mo, 0, 4 compound was optimized for the highdstandj.. Materials prepared
in air at 960 °C and annealed in 250 atm, & around 650 °C are tetragonal for0.1. The Mo substitution
on the Cu chain site increases the oxygen content above 7, and incfedsaes 81 K for x=0 to about 86
K for x=0.05-0.10. The ratio of nominal Mo content to the amount of excess oxygen is very close to 2:3 for
all compositions (0.08x=<0.2) and may result from the presence of randomly distributed dimers of corner
shared MoQ 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 Matdahedra in the CuO
chains. The irreversibility lines show good pinning characteristics when compared to Y123.
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INTRODUCTION proved superconducting properties of a Y123 material with
the substitution of a transition element for copper.

Several cation substitutions were made for the small ion Since YBaSrCy ,Mo0,0;, 4 materials contain a smaller
(coppei and for the large iongbarium and yttrium in at-  strontium cation substituting for the larger barium cation in
tempts to increase the superconducting transition temperdhe intermediate region, it is expected that the intermediate
ture in YBaCuy0,(Y123).278In most cases, substitutions for region should be shorter than in Y123 and the molybdenum
copper were found to rapidly decreakeand simultaneously substituted materials may show improved pining properties.
influence the structural properties by decreasing the orthd¥loreover, molybdenum ions are expected %tlo substitute for
rhombic distortion, eventually resulting in the tetragonalth® chain copper and form the Mg@ctahedrawhich may
structure' =3 For Fe and AIT, remained constant up to 5 and locally perturb superponduchwty n th(_a Qg(plam_s and in-
10 % substitution on the Cu-chain site, respectietymod- crease the flux pinning force by providing pinning centers.

: . ' .. Thus, the YBaSrCy ,Mo,0;. 4 compound is interesting for
est increase of . was conceivably observed by substitution . X -
of 2-5% Cc? The solubility limit for Sr on the Ba site in the study of |rrever_S|b|I|ty f_|el_ds find critical currents. _
’ Here, we describe optimization of the superconducting
YBa,_,Sr,Cu;0; was found aroung =1 under normal syn-

‘ I ) - T., irreversibility field By, , and persistent intragrain critical
thesis condition§. The YBaSrCyO;.q material §=1),  cirent densityj, by determining the optimum composition,

which is tetragonill for-0.8<d< _O'Aj; orthorhombic for gy nthesis and annealing conditions. The structural and super-
—0.3<d<0, and “average tetragonal” for 9d<0.3, has  ¢onducting properties of the optimized material with the
not been studied in great detail so far despite the larger oxyhighestT .~ 86 K (achieved forx=0.05—0.10) are studied in

gen nonstoichiometry and richer structural properties thagjetail and compared with recently published data for similar
Y123. This lack of interest may be due to the lower maxi-compounds.

mum superconducting transition temperatlre=82 K for
YBaSrCyO;, 4, d=~—0.1. Recently, we have found that
substitution of molybdenum for copper in YBaStQy 4
increased  to 86 K with a simultaneous structural transfor- ~ Polycrystalline samples of YBaSrguMo,0O; . 4 with x
mation to the tetragonal structure. This inverse correlation=0, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, and 0.2 were syn-
between increasind. and decreasing orthorhombic distor- thesized from a stoichiometric mixture of oxides of Y, Mo,
tion clearly shows that superconductivity with a highis  and Cu, and carbonates of Ba and Sr. Samples were fired in
not limited to the orthorhombic structure for Y123 com- air at 880—960 °C for several days with frequent intermediate
pounds. The observed increaseTafis an example of im- grindings. Subsequent high pressure anneals were done for

EXPERIMENTAL DETAILS
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12 h in 20%Q in argon at a total pressure of 3 kbar AEREERREAEEE
(600 atm Q pressurg at 950—1100°C or in pure oxygen

(250-300atm §) at 400—900 °C followed by slow cooling 0.8l

(0.2 deg./min\. to room temperature. Sample homogeneity & i

was checked by powder x-ray diffraction. Neutron powder 8, 0.6k

diffraction data were obtained using the Spatial Environment & ~t

Powder Diffractomete(SEPD at Argonne National Labora- c 0.4F

tory Intense Pulsed Neutron Sour¢BNS).2° The grain sizes T A ,’ annealed:

and shapes were examined using a Hitachi Scanning Elec- ook i ilx=o0 1 atm.0,, 600°C 1
tron Microscope(SEM). Susceptibility and magnetization I ] ]
measurements were performed with a Quantum Design 0.0 L ' Y S E N S

PPMS system. Resistivity was measured using a standard

four-lead dc method. 10 (b)
__osf
S L
RESULTS AND DISCUSSION 2 g6k
o f
A. Synthesis and increase ofl . a C E =0 j
& 04r {7 a annealed: ]

Samples were fired several times at increasing tempera- L A
tures, checked for phase purity, annealed under several oxy- ook *° 0-2; < 0.1 600-700 °C 2 ]
gen pressures and temperatures, and checked forAll B it 3
studied compositions were single phase when synthesized in 0.0 S A I T
air at 940—960 °C. Small amounts of impurities3%) were 0 50 100 150 200 250 300
present for synthesis temperatures lower than 940 °C due to Temperature (K)
incomplete reaction. Partial melting and small amounts of FIG. 1. Normalized resistance as a function of temperature for
impurity phases were observed for temperatures higher thatﬂ YB- S.C Mo.O | k=0 0.1. and 0 2p )
960 °C. High pressure oxygen anneals at temperaturese aSThY- V10«7 g SAMPIES Wi , U4, and 1.2, as pre
around 650 °C followed by slow cooling were found to be pared(a). and aﬂe.r.the high oxygen pressure am(eal.The super

. . conducting transition temperature for the nonsubstituted sample is
the thlmal way to increase of .the oxygen content and toonIy insignificantly affected by the high pressure anneal.
obtain the highest.. For the optimized oxygen anneal, the
best samples were obtained when the first synthesis step was
made just below the melting temperature at 960 °C. Smal¥BaSrCyO; . 4. This is an example of a notable increase of
amounts of calcium, less then 10%, can be substituted fof. for a Y123 material by substitution of a transition element
yttrium resulting in a material with lowef.. The x=0,  for copper.
0.05, 0.10, and 0.20 materials prepared in air at 960 °C and The normal state resistivity displays a complicated tem-
annealed in high oxygen pressure were chosen for structurgerature behavior that depends on botindd. For example,
and superconducting characterization. Samples wit0  the temperature dependencies of the resistivity for xhe
and 0.1 were annealed in 300 atm & 700°C. Samples =0.2 sample annealed at 250 atmy @nd for thex=0.1
with x=0.05 and 0.20 were annealed in 250 atja 600 sample annealed in 1 atm,@how behavior typical of un-
and 700 °C, respectively. Small differences of the annealinglerdoped materials. For both samples, on cooling from tem-
conditions among samplégressure, 250—300 atm; tempera- peratures much higher than, there is a gradual decrease of
ture, 600—700 °Cwere not important for the overall oxygen resistivity from linear dependence. To relate this behavior to
content and crystallographic structure but affected slightlythe pseudogap or the-axis transport properties would re-
the intergrain superconducting properties. quire the study of single crystals, which are not available at

The highestT,~86K was observed foix=0.05-0.1 present.
samples annealed at high oxygen pressure. For samples an-SEM measurements were performed to determine the
nealed at 1 atm ©Othe highestT,~82K was seen fox  shapes and sizes of the grains for all our samples. For Mo-
=0-0.05. Anneals at lower oxygen pressuf®O,) free material, the grains have approximately spherical shape,
=0.01atm, quickly decreaser}, (T.~45K for x=0) and are well connected, and have a size distribution ranging from
broadened the transitions. Figure 1 shows normalized resid-to 6 um, with most of grains having diameters of about 3
tivity for three single phase samples which were annealed imum. For Mo-substituted materials, the small grains are ap-
oxygen at 1 atn[Fig. 1(@] and high pressuréFig. 1(b)].  proximately spherical but the largest grains have more plate-
Clearly, T, is a function of both the doping leveland the like shapes. The grains are well connected and have a size
oxygen content. The sample withx=0 does not chang€.  distribution between 1 and @m, with most of the grains
significantly after the high oxygen pressure treatment. Supeihaving dimensions of about 4m. Thus, to estimate the
conducting transitions for optimally doped and annealeceffective superconducting volume fraction of the grains and
YBaSrCy_,Mo,0,, 4 samples are very sharp, indicating to evaluate the critical persistent-currents, an average grain
good quality of our materidlsee inset in Fig. (b)]. T.'s for  size 3 and 4um was taken for the nonsubstituted and Mo-
samples with x=0.05-0.10 are higher than for substituted samples, respectively.

250-300 atm.O_, -
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10000 . T . . the Y site. The Q1) and Q2) occupancies refined to ap-
= E;Moo_os 200 proximately 2.0. The apical oxygen aton{3pwas found to
§ 8000F o Moy, 7 have a large thermal factor owing to the smaller size of the
2 —&—Mog, Sr ion and its displaced position. The value of this thermal
£ 8000+ 1 . isplaci h ical
=2 actor was reduced by displacing the apical oxygen atom
8 4000 | from its initial position[from (0 0z) to (x y 2); x#Y for the
2 x=0.05 sample ana=y for the x=0.1 and 0.2 samplés
3 2000 The site fraction of @) was refined to about 0.25 for all
o samples studied, indicating that the site is fully occupied.

Consequently, the @), O(2), and G3) occupancies were
not refined.
The Cy_,Mo,O, chain is situated between the two

FIG. 2. Neutron diffraction data near the 200/020 peak for sev(Ba, S) layers in the intermediate region of the structure.

eral Mo-substituted samples. The broadening of the peak fox the Consequently, individual Chain oxygen atoms observe differ-
=0.05 sample indicates the orthorhombic splitting. ent arrangements of the neighboring Sr and Ba atoms and the

Cu and Mo atoms leading to local static displacements. It is,
thus, difficult to determine their precise locations. However,
the dominant average positions can be refined. For instance,
Nelutrontpowdertdiffracti?n data \;\;]efeSCOHQClteg feB g tge oxygen atoms are found to occupy two independent sites
samples at room temperature on the Special Environment 1Ay oo
Powder Diffractomete(SEPD at Argonne’s Intense Pulsed ?2 y.O) and & .0) in the qrthorhomb|o<—0.05 compound:
Their occupancies are refined as 0.59 and 0.48, respectively,

Neutron Source(IPNS).™® The raw data show no impurity with the site occupancy difference being consistent with the
phases. Structural parameters were refined using the Genera(horhombic distortion. For th&=0.1 and 0.2 tetragonal

Structural Analysis Softwarécsas suite of programét o' . ;
Only data from the high-resolution backscattering detecto?amples’ the occupancies .Qf these sites become equal by
banks Ad/d~0.035) were used in the refinements. Initial symmetry because the positions are equilvalent. quever, a
refinements showed that the=0.05 sample crystallizes in splitting of oxygen atoms into ideal and displaced sitgs)
an orthorhombic space groupmmm while the x=0.1 0 and G x0), is observed. .
samples crystallize in the tetragonal space grBdgmmm The total refined oxygen contents that were obtained from
Figure 2 shows diffraction data near the 200/020 diffractionthe refined oxygen occupancies are 7@02, 7.16-0.04,
peak for several samples. The broadening of the 200/028nd 7.3G-0.04 for thex=0.05, 0.1, and 0.2 samples, respec-
peak for thex=0.05 sample indicates a small orthorhombictively. Notably, the ratio of nominal Mo to the amount of
splitting. Figure 3 shows the diffraction data and the best-fi€xcess oxygen in the blocking layéire., 0.07, 0.16, and
Rietveld profile for thex=0.2 sample. The substituted Mo 0-30 is very close to 2:3 in all three samples. This ratio
was found to occupy solely the chain site. Ba and Sr weré&ould arise from the presence of the randomly distributed
found to share the Ba site. During the refinements, Ba and Stimers of corner shared Me®@ctahedra in a fashion similar
ions were allowed to have differemtcoordinates. The coor- to that observed for Y$€u M, O, (M =Mo, W).** The
dinates were found to differ by 0.14-0.21 A. Since the neu0Xygen contents are approximately equal to those expected
tron diffraction patterns showed no impurities, the cationicfor replacing chain Ct with Mo in its highest allowed oxi-
compositions were fixed at their nominal values. dation state & consistent with the preparation conditions.
The oxygen atoms in the CyQplane, @1) and Q2), Table | gives a summary of the refined structural coordinates

were found to show a typical displacement pattern toward$or x=0.05, 0.1, and 0.2 samples; selected interatomic bond
lengths are given in Table II.

The schematic structure of structurally similar double-

2 ,
P95 196 197 18 199 200
d-spacing (A)

B. Structure and oxygen content

8000 ' [ ‘ ' ' CuO,-plane compounds with a single metal-oxygen layer in
6000k 4 the intermediate region is shown in Fig. 4. These compounds
can be described in terms of the inter-Cy@dane distance
£ 4000 - d(inter), which defines the thickness of the intermediate re-
5 gion, and the intra-Cu@plane distancel(intra), which de-
8 2000+ . notes the thickness of the block of Cu@lanes. The sum of
iﬁ l these two distances is equal to thaxis lattice constant. The
O ity e bt —— thickness of the blocking layed(block), where Mo is sub-
bt R stituted for the chain-site Cu, is defined as twice the Cu/
-2000 [ 7 Mo(1)-O(3) bond length. This region is thought to have a
05 10 15 20 25 30 35 40 critical effect on thec-axis normal state and superconducting

d-spacing (A) properties of several high-temperature superconductors. The
relevant distances and the superconducligg are given in
FIG. 3. Neutron diffraction data and the best-fit Rietveld profile Table Il for three optimally doped Y123 compounds
for the x=0.2 sample. YBa,Cw,0O7, YBaSrCy gM( 10716 and YSECu, gM 07 3.
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TABLE I Refined  structural  parameters  for pieces as well as powdered samples with masses of about
YBaSrCy_,MoxO7 5. 100 mg were used for botly and M measurements. The
susceptibility was measured upon warming from the zero-
Atom x=0.05  x=01 x=0.2 field-cooled(ZFC) state using the ac field of 1 Oe at 200 Hz.
Space group Pmmm  P4/mmm  Paimmm g 5olid samples, measured at zero dc field, the 1 Oe ac field
a(A) 3.826357) 3.822103) 3.830724) was large enough to separate the highgrintragrain and
b (A) 3.812637) lower-T, intergrain components for the=0.05 sample, but
cR) 11.55582) 11.57541) 11.59842) was I‘!Ot sufﬂment to show clear intragrain and mtergram
vy at(t1l shielding properties for thgéo and 0.1 samples. '_I'he d|f—_
B (A2) 0.513) 0.463) 0.523) ferences in shleldlng properties may result from.sllghtlly dif-
Ba/Sr at(A1z ferent annealing conditions used for t_hp_se materlals_. Figure 5
2 (Ba) 0.19228) 0.19535)  0.19816) shows the real part of the ac susceptlblmygs a function of
2 (Sh 0.17996) 0.17884) 0.18014) temperature measured at several dc fields for two Mo-

substituted samples. The weaker intergrain shielding for the
x=0.05 sample is clearly observed for zero and 1-7 T dc
fields as a second hump and smaller shielding fraction, re-
spectively. For thex=0.05 sample, the coupling between

B (A? 0.935) 0.81(4) 0.81(5)
Cul/Mo at(000
B (A? 1.244) 1.144) 1.184)

Cu2 at(002 grains is destroyed in fields larger thA T attemperatures
z 0.353§1)  0.35371)  0.35511) above 40 K. For the sample with=0.1, annealed at slightly
B(Al) 0.602) 0.472) 0.432) higher oxygen pressure and temperature, some intergrain
01 at(302) shielding is present evert a 7 Tfield indicating much stron-
z 0.37333) 0.376279) 0.37661) ger coupling between grains. Similar good intergrain cou-
B (A% 0.405) 0.582) 0.592) pling was also observed for the=0 sample.
02 at(032 Calculation of the intragrain persistent critical currents
z 0.37884) from the magnetization loops requires removal of the inter-
B (A? 0.806) grain contribution to the diamagnetic signal. Therefore, the
03 at(xy2 solid pieces of samples were powdered and susceptibility
X 0.0272) 0.03678) 0.03749) was measured again. For these powdered samples, the inter-
y 0.0421) 0.03678)  0.03749) grain properties were not observed at any temperatures above
z 0.15952) 0.15952) 0.15972) 5 K for fields above 1 T. Thus, powder samples were used to
B (A?) 0.566) 0.526) 0.506) measure the inFragrain critical currents. However, both the
n 0.25 0.25 0.25 powder and solid samples were exploited to study the intra-
04 at (x 1 0) grain |rrev_er3|pll|ty fields. . _
X 0.1343) 0.1603) 0.1563) The sh|eIQ|ng effept and the 'effectlve superconducting
2 volume fraction of grains were estimated from the ac suscep-
B (A% 1.312) 1.312) 1.41) - .
tibility measurements performed at 5 K. The average density
n 0.481) 0.602) 0.662) .
05 at(y0) of the solid samples was measured to be4.8
2 (+0.1) glent; i.e., about 80% of the theoretical material
y 0.0623) 0 0 density (6.1 g/cn?). The absolutey’ values were obtained
B(AY)  1.31) 1.31) 1.41) nsity (6.2 giem). & .
0591 05672 0.632 using the measured sample volume and correcting the data
. : -591) -562) -632) by taking demagnetizing effects into account. For our solid
Rp (/E) 4.17 3.61 3:50 samples, the demagnetizing factdris about 0.13. At 5 K
szp(/") 6.03 521 5.46 and zero dc field, the correcteg’ values for all solid
C 2.435 1.561 1.366

samples x=0, 0.05, and O.llare about 5% lower than the
ideal value,—1/44r, indicating almost perfect shielding, as
expected.

The effective superconducting volume fraction of grains
can be estimated for both solid and powder samples when
the grains are decoupled in magnetic fields that are large
enough to depress superconductivity in the intergrain region.
For example, for thex=0.05 solid sampley’(T) measured
in a 7 Tfield between 40 and 50 Ksee Fig. Ba)] can be
extrapolatedd 5 K and used to estimate For that reason,
the sample material volume was calculated from the sample
mass and theoretical material density. The approximate cor-
rection for the grain demagnetizing factor was made assum-

Superconducting properties were studied by ac suscepting a more sphericalN~0.33) than the platelike shape of
bility x and dc magnetizatioM in the temperature range the grains. Then, taking into account the magnetic penetra-
from 5 to 100 K using applied fields from 0 to 7 T. Solid tion depthA~0.2um, which decreases the ac-field-screened

A systematic decrease @f is associated with the shortening
of the apical bond-length of the planar Gi{apica), as has
been observed for several structurally  similar
compounds$**#The YBaSrCy M, 10, ;scompound has the
middle d(apica) and, thus, the middl@.. The thickness of
the intermediate regiou(inter), is for that compound also
between values observed for YEaRO; and

YSrClp, M 07 5

C. Superconducting properties
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TABLE Il. Selected bond length€}) for YBaSrCy,_,M0,0;-. 5.

PHYSICAL REVIEW B 63 054501

Distance x=0.05 x=0.1 x=0.2
Y-O1 2.4042) 2.38827) 2.39117)

Y-02 2.3712)

Ba-Sr 0.142) 0.201) 0.21(1)

Ba-O1 2.8318) 2.8305) 2.8205)

Ba-02 2.8828)

Ba-03,. 2.7317) 2.7393) 2.7493)

Ba-0O4 2.62%9)/3.29012) 2.6138)/3.39410) 2.6498)/3.2634)
Ba-O5 2.77911) 2.9645) 2.9925)

Sr-01 2.93%5) 2.9793) 2.9774)

Sr-02 2.9916)

Sr-03,, 2.7147) 2.7155) 2.7235)

Sr-O4 2.50610)/3.19610) 2.4438)/3.2659) 2.4698)/3.26810)
Sr-O5 2.6668) 2.81713) 2.8343)

(Cul, Mo-03 1.8532) 1.8572) 1.8632)

(Cul, Mo-04 1.9743) 2.0074) 2.00714)

(Cul, Mo-05 1.9281) 1.9110%2) 1.915362)
Cu2-01 1.92665) 1.92882) 1.93162)
Cu2-02 1.92867)

Cu2-03 2.25() 2.2572) 2.2752)

volume and is only about 15-20 times smaller than the avediamagnetic signal appears for the real part of the ac suscep-
erage grain diameter, the effective superconducting volumebility x’. More generally, theBiS(T) lines are the upper
fraction of grains for the solid sample is computed totbe bound for theBIYT) lines that are highly dependent on the
~70%. This value may be slightly overestimated, becausgneasurement sensitivity. TH&(T) lines were determined

for the solid samples some clusters of the nonseparatggl, measuring the fields at which magnetic hysteresis for the

grains may still exist even in high magnetic fields. ~ \(B) loops disappears at constant temperature. Additional
For powder samples, a complete grain separation is Obpoints for theBYS

; , o ir(T) lines were obtained by measuring the
servedn a 1 Tfield at temperatures down to 5 i. is equal  temperatures at which thé (T) curves split when measured
to about 0.026 emu/ch®e for all three compositions when

- ! ' at constant field for zero-field-cooled and field-cooled
as above, the material volume is calculated from the meas'amples. In both cases the criterion used we&mM

sured sample mass and the theoretical material density, andg o5 g
an approximate correction is made for the grain demagnetiz- e\ ersipility lines determined from both susceptibility
ing factor (N=~0.33). Then, after taking into consideration B2(T), and magnetizatioB(T), are shown in Fig. 6 for
the magnetic penetration depth=0.2um, the effective su- ™ 7’ e '
perconducting volume fraction of grains for the powder
samples is found to be~45%. This value is underesti- oz B9 i
mated because it has been calculated for the mean size of the Y. Ca @ d(intra)
grains, whereas the X' effect” influences smaller grains ’
more than larger grain@ifferent \/grain-radius ratip Con- Cu02
sequently, the relatively high effective superconducting vol-
ume fraction of grains was found to be between 45 and 70 %.
This confirms bulk superconductivity and, moreover, attests Ba, Sr
to the good quality of our compound when compared with
pure Y123 ¢ ~70%)°

The irreversibility fieldsB2 and B were obtained from
ac susceptibility and dc magnetization measurements, re-

spectively. The irreversibility linesB (T) were derived

d(apical)
3

Cu, Hg, M d{block) d(inter)

from x(T) curves measured at constant dc figlslse Fig. 5. Ba, Sr

Each irreversibility point By, Tir) was obtained by measur-

ing the temperature at which the imaginary part of the ac o2 3
U

susceptibilityy” begins to differ from zero. Below the tem-
peratureT s both the critical current and ac losses differ from G, 4. Schematic structure of the double-Gytlane com-

zero, i.e. the magnetization is irreversible. So, the defifffd  pounds with a single metal-oxygen layer in the intermediate region
corresponds to a temperature where resistivity is zero and th&ef. 12.

054501-5



ROGACKI, DABROWSKI, CHMAISSEM, AND JORGENSEN PHYSICAL REVIEW B3 054501

TABLE lll. The relevant distancessee Fig. 4 and superconducting:'s for the optimally doped
YBa,Cu:0,, YBaSrCy ¢Mog 107 16 and YSpCu, gM0g 07 3.

YBa,Cus0, YBaSrCy gMog 107 16 YSr,Cu, gMog ;07 3
c (A) 11.680 11.575 11.486
d(intra) A) 3.373 3.347 3.378
d(inten R) 8.307 8.228 8.108
d(block) R) 3.700 3.714 3.698
d(apica) R) 2.303 2.257 2.205
Tc (K) 93 86 75

YBaSrCuy_,Mo,0; ., 4 with x=0, 0.05, and 0.1 for solid and The enhanced pinning properties for the material with
powder samples. The highest irreversibility lines and the=0.05 are better displayed when tBg, fields are plotted as
largest slopesiB,, /d T, that may indicate the strongest flux a function of reduced temperatute-T/T; as presented in
pinning, were obtained for samples witi=0.05. For those Fig. 7. TheB;,(t) line for thex=0.05 sample is about 1 T
samples, the strongest flux pinning is evident in the similagbove the line for thex=0 sample and is very close to the
position of theBidrE(T) and B2(T) lines on theBy,-T dia- line obtained for polycrystalline pure Y128In Fig. 7, the
gram (see Fig. 6. The similarity of the irreversibility lines Bir(t) lines for polycrystalline Hg1201Ref. 17 and single
occurs because the strong pinning force that sharpens ti§gystals of Bi2212, LSCO, and Y12Ref. 18 are also pre-
transition from liquid to solid vortex states simultaneouslysented. The single crystal data are shown to provide a com-
softens the dependence of the irreversibility poiBt,(T) parison with results that are free of extrinsic pinning. More-
on the voltage criterion and, therefore, also on the measurdver, the single crystals were measured in fields parallel to
ment technique used. The smallés®;,/d T and the largest the c axis, i.e., in the direction of the weakest intrinsic flux
divergence betweeﬁﬁrc(-r) andB2Y(T) lines are seen for the pinning. Therefore, thg resulps .fpr ;ingle crystals are ex-
x=0.1 sample. The most likely reason for decreased pinning€cted to show lower irreversibility lineB;, than are ob-
may be poorer coupling of the Cy@lanes through the less tained for polycrystalline material for which the applied field
metallic blocking layer. It appears that 10% substitution ofiS randomly oriented with respect to the crystal axes.

Mo for Cu in the chains introduces too much disorder that The Mo ions substituted for Cu in the CuO chains most

decreases the pinning properties when compared witlx the likely influence the superconducting properties in at least
=0 and 0.05 samples, despite the higfigrof the x=0.1 three ways. First, they act as doping elements decreasing the
’ hole concentration. This doping is compensated by excess

sample. _ X X >
oxygen above 7 introduced into the chain region of the struc-
F@  x=o005 T ture. Second, the Mo-created local structural distortions may,
Or on average, increase the Cu/MpO(3) bond length and,
L therefore, elevaté@.. Third, Mo ions may work as elements
S -0.005} creating pinning centers by forming the randomly distributed
g f dimers of corner sharing MaQoctahedra, introducing ex-
< 0.010f tended distortions and, therefore, perturbing locally super-
= [ conductivity in the Cu@ planes. The isolated perturbation
-0.015}
. §gr——— T
Nele=——=S——e RO
9 e
2 v\_
£ o
=
002055 e 70 s w0
Temperature (K) Temperature (K)
FIG. 5. Real part of the ac susceptibility versus temperature FIG. 6. Irreversibility fieldsB;,, obtained as a function of tem-

for the x=0.05 (a) and 0.1(b) solid samples measured at O, 1, 5, perature by dd¢open symbolsand ac(closed symbolstechniques
and 7 T magnetic fields. Strong intergrain coupling is observed fofor the x=0 (trianglesg, 0.05 (circles, and 0.1(diamond$ solid
the sample withk=0.1 annealed at slightly higher temperature. = samplegsolid lineg and powdergbroken lines.
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FIG. 7. Irreversibility fields as a function of reduced tempera- g 10°% K o ey, 25K
ture for YBaSrCy_,Mo,0;. 4 samples withx=0 (triangle$ and 3 j: "".‘ . 35K
0.05(circles; Y123 (Ref. 16 and Hg1201(Ref. 17 polycrystalline — 10 oo, X .
materials(pc: solid lines; Bi2212, LSCO, and Y123 single crystals - of "\ *oees 50K
(Ref. 18 (sc. broken lines The data for single crystals is fd@ 10 \'ﬂ “See,, o1k 3
parallel to thec axis. The superconducting transition temperature is 022 77K 70K lﬂ.
displayed for each compound. 1075 N B A S
. . . . . . =01
with a dimension of 2—3 unit cells in theb plane is compa- 1088 (c) Srerererearaenesons SOUGTU S
rable to the superconducting coherence lengtand there- W“ﬂ:::m"mﬁw. 15K ]
fore may act as a pinning center. Assuming a roughly homo- & 10°% sy Maaa R S0Y
geneous distribution of the dimers of Mg@ctahedra, the E 1045 \\\ N‘ "t
distance between them is on the average 3—4 unit cells for < \ \N Jhae SYUUN] a5 K]
the x=0.05 sample, i.e.~11-15 A in theab plane. The — 103§ ™ A ]
distance between pinning centers in diEplane is crucial to 2? . T,
pin vortices in the case of thBlic axis. For theB1 ¢ axis, L i T w50k 1
the CuQ layers, being quasi-two-dimensional pinning cen- 101: . L il -
ters, work much more effectively than the quasi-zero- 6 1+ 2 3 4 5 6 7 8
dimensional dimers of Mogoctahedra. Possible ordering of Magnetic Field (T)

the randomly distributed dimers along tb@xis would form FIG. 8. Critical istent- : tic field at
more effective quasi-one-dimensional pinning centers, as - 8. Critical persistent-currents, versus magnetc field &
1419 - Several temperatures for the YBaSgCLMo0,0,, 4 samples with
was proposed for Hg xCrSKpCUG,. ™ The relatively shor_t x=0 (a), 0.05(b), and 0.1(c). The second peak effect is observed
distance between t_he I\/I_Qcahmers does_ not match the dis- ¢, ihe substituted compound only.
tance between vortices in a vortex lattice for any reasonable
high dc field and the dimers cannot work as perfect pinningducting magnetic and transport properties can be signifi-
centers. However, clear evidence for the significant increaseantly influenced by intergrain coupling for fields smaller
of the pinning force was observed for tBg,(T) lines mea- thanBy or temperatures beloW,. Consequently, the scaling
sured for thex=0.05 sample when compared with the lengthw and persistent critical current cannot be determined
=0 material. unambiguously belovB4 or T4. As revealed by ac suscep-
To determine the critical persistent-current dengjfthe  tibility measurements for our powder samples, the intergrain
magnetization loop#1(B) were measured at constant tem- coupling is small eventé K for fields above 1 T. Thus, we
perature for powder samples. The Bean formula was used t@an conclude that for fields abew T the intergrain compo-
calculatej ,(A/cm?) =kAM/w, whereM is in emu/cni, wis ~ nent ofj, can be neglected at any temperature.
a scaling length in cm, and is a shape coefficient. The The intragrainj , was determined assuming nearly spheri-
formula was applied only in the range of magnetic fieldscal grains k=40), and takingw=3, 4, and 4um as an
where M was weakly field dependent, i.e., above the firstaverage grain diameter for the=0, 0.05, and 0.1 samples,
peak observed for thiel (B) curves. The grain diameter was respectively. Figure 8 showg as a function o8 for these
used as the size of the current loopsfor dc fields high compositions at several temperatures between 5 and 77 K. At
enough to separate grains, as it results from the ac suscep§-K, j, is about 16A/cn? and almost independent & for
bility measured at various dc fieldsee Fig. $. The separa- all three compositions. Similar values pf arise because at
tion of grains was confirmed by the absence of a secontbw temperatures the coherence length indfexis direction
maximum in they”(T) measurements that would mark the (¢.~3-4 A) is comparable to thé(block) distance for all
transition to the superconducting state for the intergrain maeompounds, i.e., the blocking region between superconduct-
terial. The grain decoupling fiel@4 was abotil T at the ing CuG; planes may act as a strong intrinsic pinning center.
decoupling temperaturgé;~60, 55, and 50 K for th&«=0,  However, differences inj,(B) among pure and Mo-
0.05, and 0.1 powder samples, respectively. The supercosubstituted samples are expected at higher temperatures
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to fields of at least 7 T. At higher temperatures, the range of

where ¢ increases and other types of pinning centers with [ T K
. . . x=0
more extended dimensions should act more effectively. 10% ook
Figure 8a) shows that for th&=0 sample there are three ‘ X005 o—17K
regions ofj, dependence oB. At low fields, j, decreases — . %; x=0.10 o —77k |
faster than exponentially for all temperatures, similar to other g 3' X oy 'o." '
; ; : = 10% HOS 3
high-temperature superconductors. At higher fields, an expo- < i A \ "‘.' ]
nential dependence is observed, which below 25 K extends = | %x \ I\.\.:

S

exponential dependence is narrowed and followed by a more 10%; o
rapid decrease, especially above 60 K. No sign of the second
peak effect in the form of a positive deviation from the ex- 0 1 2 3 4
ponential dependence gf,(B) is observed for thex=0 Magnetic Field (T)
sample.
Figure 8b) shows that for thex=0.05 composition the FIG. 9. Critical persistent currents versus magnetic field at 70 K

&closed symbols and 77 K (open symbols for the
YBaSrCy_,Mo,0;,4 samples with x=0 (triangles, 0.05

Lo . . a(circles), and 0.1(diamondg. The second peak effect is the clear
weaker pinning force at low fields for the MO'SUbStItUted{eason for larger critical currents obtained for ttre 0.05 sample

§ample. However, at highef fields a p(?sitive deviation Olwhen compare to the critical currents for the nonsubstituted com-
ip(B) from the exponential dependence is observed. For €Xs0und.
ample, at 50 K the exponentig,(B) dependence extends

from 1 to 3 T and is followed by a more rapid decreaseincreases with increasing temperature, types of pinning cen-
between 3 and 5 T. The decrease is suppressed in fieldgrs other than the blocking region between the double CuO
above 5 T and thep, is almost field independent for fields planes can be important for increasifg. For the Mo-
around 7 T. This behavior, frequently called the second peakubstituted samples, the Mg@imers locally perturbing su-
effect, is even more pronounced at higher temperatures. Thgerconductivity are likely to be the pinning centers at el-
critical currents above 70 K are much larger for the samplesvated temperatures. An additional increase of the pinning
with x=0.05 than for that withx=0. At small fields it is  force is possible if more extended regions of superconduct-
probably a result of a highé¥, for the x=0.05 sample. For ing CuQ, planes would be perturbed and the distance be-
fields aboe 1 T the increasegl, is apparently the result of tween them would increase. Both effects would improve the
an enhanced pinning force caused by introducing of theinning properties, especially at higher temperatures where
MoQOg dimers. &.p extends for more than several unit cells. Thus, two pin-
Figure 8c) shows thatj,(B) for the x=0.1 sample dis- ning mechanisms control the critical current for our Mo-
plays features similar to those observed for the0.05  substituted samples. With increasing temperature, the first
sample. However, both pinning at low fields and the secondype of pinning, caused by the blocking region between the
peak effect are weaker for the=0.1 composition, as seen double CuQ planes, becomes weaker, but simultaneously
by a more rapid decrease pf(B) with increasing tempera- the second type of pinning, caused by the Maidmers or
ture. For example, at 50 K the exponeniiglB) dependence clusters, strengthens and then decays closE, toSuperpo-
extends only to 1.5 T, and is followed by a more rapid de-sition of these two pinning mechanisms most likely results in
crease between 1.5 and 3 T. This decrease is somewhat sufe second peak effect observed for our samples.
pressed for fields between 3 and 5 T, and finally a rapid
decrease is observed again above 5 T. Thus, the second peak
effect for thex=0.1 sample is present only at a much smaller
field range than for th&=0.05 composition. Synthesis conditions and compositions were optimized for
The j,(B) curves close td; are compared in Fig. 9 for the YBaSrCyO;, superconductor, where smaller Sr is substi-
all three compositions. At 70 K and for fields above 2.2 T,tuted for larger Ba to decrease the distance between the su-
the j,(B) for the x=0.05 sample is the largest. Clearly, the perconducting blocks of double Cy@lanes. The highest,
reason for the largest pinning force is the second peak effestas obtained by substituting Mo to the CuO chain in the
observable forB~1.5-3.5T. At higher temperatures, the blocking layer and after a high oxygen pressure anneal that
second peak effect is even more pronounced Br preserves good contacts between grains if it is done at high
~1.0-2.2T, whergy(B) for thex=0.05 sample at 77 Kis enough temperature. The Mo-substituted material
larger than that for the&k=0 sample at 70 K. Th«=0.1  YBaSrCy_,Mo,0;, 4, with x=0.05 hasT,=85K and ex-
composition has clearly the weakest intrinsic pinning at 7bhibits excellent intrinsic pinning properties when compared
K. However, at 77 K and low fields thig,(B) for this com-  with other high-temperature superconductors. The scaled
position is similar to that for th&=0 sample, probably as B, (t) lines for the composition witti=0.05 and pure Y123
the result of higheiT; observed for thex=0.1 composition. are similar. However, in the absolute temperature scale
The second peak effect, present for both Mo-substitute®;,(T) is worse for thex=0.05 sample because of low&g
samples, can be explained assuming the temperature depédsy 6 K. The intrinsic pinning properties of this substituted
dence of the coherence length, egb'p(l—t)‘l’z. As & material are significantly modified most likely by formation

region of the exponential decrease is more narrow an
shifted to lower fields for all temperatures suggesting

CONCLUSION
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of the MoQ, octahedra dimers. The dimers may locally per-the vortex lattice and thereby additionally enhance the pin-
turb superconductivity on the superconducting coherencéing force.

length scale and therefore can act as effective pinning cen-

ters. A clear evidence for the increased pinning force was
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