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The properties of MoSl¥Cu,Og_ s materials are found to systematically change with the oxygen concen-
tration determined by the sintering and annealing conditions. The as-pre@aedample is antiferromag-
netically ordered at 16 K. The magnetic features are related to tié Blablattice. Annealing under an oxygen
atmosphere induces superconductii8C) in the Cu-O planes, and the-Tnd the shielding fraction values
obtained depend strongly on the oxygen concentration. Annealing the asp material at 1030 °C under ambient
oxygen atmosphere yield$Df 18 K, whereas further annealing at 650 °C under 92 atm. of oxygen, shifts T
to 32 K. The antiferromagnetic ordering, which coexists with SC state through effectively decoupled sub-
systems, is not affected by the presence or absence of the SC state. In all samples s{udied, This
behavior resembles most of the inter-metallic magneto-superconductors, but is in sharp contrast to the iso-
structural RuSiIGdCy,Oq system where > Tc.
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INTRODUCTION and antiferromagnetism sets in a{I T¢. This is in contrast
to the coexistence of SC and W-FM, observed in both Ru-
The coexistence of weak ferromagnetiétFM) and su- 1212 and Ru-1222 systems in whick ¥ Tc.
perconductivity (SC) was discovered a few years ago in Since Y ions are nonmagnetic, the study of
RuSkLN; ey «C0;o (Ln=Eu and Gd, Ru-1222ayered MoSRLYCu,Og_ 5 (Mo-1212Y) perr_nits an easie_r direct inter-_
cuprate systems? and more recently in RuSBdCwu,Og  Pretation of the SC and the intrinsic Mo antiferromagnetic

(Ru-1212.% Both Ru-based layered cuprate systems evolvdAFM) states. In this paper, we cover the physical properties
from the YBaCuw;O, structure where, the Ru ions reside in Of the system only. It is shown that sample prepared at am-

. - . ) bient pressure is AFM at (=16 K. The magnetic state is
the Cu(l) site, and only one distinct Cu sifeorresponding ¢ affF:acted by the presenNce or absence ofgthe SC state. On

to Cu(2) in YBa,CuzO,] with fivefold pyramidal coordina- e other hand, the SC state at,T18-32 K, depends
tion, exists. The SC charge carriers originate from the CuOstrongly on the oxygen concentration determined by the sin-
planes and the W-FM state is confined to the Ru layers. Ifering and annealing conditions. Small differences of the an-
both systems, the magnetic order does not vanish and r@éealing conditions are very important for the overall oxygen
mains unchanged when SC sets in. Ru-1212 is SC arounzbntent and affect significantly the-and shielding fraction
Tc=32K and displays a magnetic transition and aj T of the material.
=135 K, thus |, /Tc~4. The Ru-1222 materials order mag-

netically at Ty,=125-180 K and show bulk SC below:T

=32-50 K depending on the oxygen and/or Ce concentra- Ceramic samples with a nominal composition of
tions and on sample preparatibithe magnetic state of the MoSr,YCu,05_; were prepared by a solid-state reaction
Ru sublattice is not affected by the presence or absence &#chnique. Prescribed amounts 04, SrCQ;, Mo, and

the SC state, indicating that the two states are practicallfzFuO were mixed and pressed into pellets and preheated at
decoupled. 50 °C for one day. The products were cooled, reground and

Partial substitution of Mo for Gl) in the tetragonal sintered at elevated temperatures under various conditions.
YBaSrCuO, sample shows that the oxygen content is in-dc zero-field-cooledZFC) and field-cooled(FC) magnetic
creased, and as a resulg 11 K for un-doped materialis measurements in the range of 5-300 K were performed in a
shifted to 86 K for 3 at% of MG.Recently we have noticed Commercial(Quantum Designsuperconducting quantum in-

that the Ru ions in both Ru-1222 and Ru-1212 Systemst'en‘erence devicg SQUID) magnetometer. The resistance
can be replaced completely by Mo ions. TheWas measured by a standard four contact probe and the ac

MOSER, :C 0 Mo-1222R and MoSERCWLO susceptibility was measured by a homemade probe, with an
(Mo_fzifgeg;;uémlsoc;n be obtal?ned with mos% of ;ﬁegrare_excitation frequency and amplitude of 733 Hz and 30 mOe,

earth (R) elements(Pr-Yb and Y as nearly single-phase re§pectively, both inserted in the SQIUID magnetom_eter. The
material$” We have shown that in Mo-1212R, the magnetic_rnlcros_tructure and the phas_e integrity of the _materlals were
and/or the SC states are determined mainly by the ionic radinvestigated by QUANTAFri Company scanning electron

of R7 For the light R ions(Pr and Nd the materials are MICrOSCOPYSEM) and by a Genesis energy depressive x-ray
paramagneti¢PM) down to 4 K, whereas in the intermediate 2nalySiS(EDAX) device attached to the SEM.

range (Sm-Th, the Mo sublattice orders antiferromagneti-
cally at Ty, ranging from 11 to 24 K. For the heavy R ions
(Ho, Er, Tm, and Y, coexistence of SC and antiferromag- The MoSgYCu,05_; samples were sintered and an-
netism is observed. SC appears atiil the range 19-27 K nealed several times under various conditi¢ese below;

EXPERIMENTAL DETAILS

EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 1. The XRD pattern of MoS¥Cu,0O5_ 5 (sample G. 5] 4006 10
ch_ecked for ph_ase purity and for the magnetic and SC prop- ] Lcoo® oo ¢ Y 4 6 &
erties. All studied materials were nearly single phase when 19" zrc 2o H(kOe
. i Deswpgg, Coo
sintered at least at 1030°C. At lower temperatures multi- + . - L o . o o 7Ps
phase materials are formed. The as-prepdesih) non-SC 5 10 15 20 25
sample was sintered at 1030°C under ambient pressure. Temperature (K)

Sample B was first sintered at 950°C for 24 h and then o
annealed at 1030°C for 24 h under flowing oxygen. This FIG. 2. ZFC and FC magnetization curves measured at 40_Oe
sample shows a small fraction of the SC state @t I8 K. and 5 kOe of the asp M0-1.2:.L.2Y sample. The inset shows the field
Further annealing at 1030 °C under flowing oxygen for 24 niependence of the irreversibility temperature.
(sample @ increases the SC fraction. Sample D was ob- » . ] .
tained by further annealing under flowing oxygen of sampleP€ak position. Figure 1 shows the existence of the Pauli-
C at 600°C for 48 h, and sample E is another piece ofaramagnetic SrMopphasé as an impurity phase. How-
sample C which was annealed for 20 h under high oxygei§Ver. its small temperature independent susceptibility is neg-
pressurg92 atn at 650 °C. ligible. It is also possible that small amm(mtot detected by
Powder x-ray diffraction(XRD) measurements indicate XRD) of the W-FM Y,CuQ, (Ty 260 K) is also present.
that all samples are nearly single-phase96%) materials However this material reveals the magnetism of the £uO
and confirmed the tetragonal structufepace group P4/ sheets only when it is synthesized under high pressure.
mmm). Due to incomplete reaction, all XRD patterns left a Therefore, we may associate the AFM features shown in Fig.
few minor reflections some of them belonging to the2 with the Mo sublattice of the Mo-1212Y structure.
SrMoO, phase(Fig. 1). All attempts to completely get rid of Isothermal MH) measurements on the asp sample up to
them were unsuccessful. Least squares fits of the XRD pab0 kOe at various temperatures, have been carried out and
terns yield within the limit of uncertainty the same lattice the virgin curve obtainedat 5 K) is presented in Fig. 3. The
parameters:a=3.811(1) A andc=11.52(2) A, for all linear M(H) curve up to about 15 kOe is typical of an AFM
samples studied. Due to these minor extra phases, the deter-
mination of the absolute oxygen content in the Mo-1212Y 1200
samples is difficult. Neutron diffraction studies are now car-
ried on, in order to study the composition, as well as the 5 .
detailed magnetic structure of these materials. In the next 900 L - ' 5k
sections, assessments of the experimental results performe ’ '
on the various samples are described.

10 |

600

A. Magnetic asp-MoSr,YCu,Og_ s material

Figure 2 shows the ZFC and FC plots of the asp-Mo-
1212Y sample measured at 40 Oe and 5 kOe. Apart from the
magnetic irreversibility, the main effect to be seen is the peak
obtained around 11) K in both branches indicating an an- 0
tiferromagnetic ordering. The magnetic transition a§ T
=16(1) K is defined as the merging temperature of the two
curves () when measured at low applied fields, & field FIG. 3. The field dependence of the magnetization curves of the
dependent, and shifts with the applied field to lower temperaasp MoSsYCu,O,_ s Sample measured at 5 K. The samll hysteresis
tures, (inset of Fig. 2. Note that at 5 kOe, ;T is below the loop at low fields is shown in the inset.
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FIG. 5. ZFC and FC magnetization curves measured at 5 and
250 Oe for sample B (J=18 K).

FIG. 4. SEM pictures of the aspa) and (b) of sample C

MoSr,YCu,Og_ 5 materials. microscope measurements performed at 4.2 K on this sample

show that some of the surface grains revealed gaphessly
substance. Above this field the slop changes slightly indicatOhmic) tunneling spectra, whereas for most of the grains,
ing a tiny canting of the Mo moments. This canting producesclear SC gaps were observed in the tunneling spéctiee
a small hysteresis loofFig. 3, inset with a small remnant gap width exhibited spatial variations in the range 6—-7 meV,
moment(2.7 emu/mol and a coercive field of- 100 Oe. The thus the ratio A/kgTc is around 6.8, within the range ob-
surface morphology of the asp mateffigig. 4@)], detected served for various cuprate superconductdi&The gaps van-
by SEM, shows that this sample has a granular structure wittshed at E and therefore are unambiguously associated with
a typical grain size of 2—3m. However the grains are not the SC state.
well defined and isolated. We also observed a few separate The ZFC and FC branches for sample (@nealed at
spherical grains belong to the SrMg@hase. The EDAX 1030°C for two days are both negative belowcF23 K
analysis confirms the initial stoichiometric composition of (Fig. 6), and the FC branch shows a clear peak at 11 K. The
Mo:Sr:Y and Cu without any deficiency in the Mo content. signature of bulk SC is the pronounced field expulsitre
The composition was found to be uniform from grain to Meissner effegt which appears in the FC curve. Without
grain. correcting for diamagnetism, the SF and the Meissner frac-
tions (MFs) exceed 12% and 10%, respectively. This alone

B. SC and magnetic MoSpYCu,0g_ 5 Samples

[of

For samples annealed under oxygen flowiagl1030 °C), cSamamasac

in addition to the AFM order discussed above, a SC state
(above §,=16 K) is induced. Figure 5 shows the ZFC and
FC curves for sample B measured at 5 and 250 Oe. The
negative signals in the ZFC curve and in the FC curve at 5 K
clearly indicate a SC state with an onset a8 (1) K, a
value which was also confirmed by ac susceptibility and re-
sistivity measurements. On the other hafid,the a pro-
nounced peak at 11 K in both FC curves dingthe merging
point of the ZFC and FC branches g} 16 K (both similar
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to the asp sampleindicate the AFM ordering of the Mo 6

30 45

sublattice. Note thafi) Ty<T and (ii) the negative values ! 5 15
in the FC curve at 5 Oe and aroung .TThe shielding frac-

tion (SP deduced at 5 Oe is-4% of the —1/44r value,
indicating that only a small fraction of the material becomes

H (kOe)
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FIG. 6. ZFC and FC magnetization curves measured at 5 and

superconducting under these conditions. Scanning tunnelirgs0 Oe and the NH) plot at 5 K for sample C (F=22 K).
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FIG. 7. ZFC and FC magnetization curves measured at 5 and FIG. 8. The temperature dependence of the normalized real and
500 Oe sample E (=32 K). imaginary ac susceptibility curves of sample E.

however, cannot be considered as indication for bulk Superstate which exists through the entire VOlUme'Of the material.
conductivity, although it would be very difficult to obtain BY the same token, the low SF and MF obtained may be the
such a signal by an impurity phase in a concentration notesult of the grain size effect as follows. The penetration
detectable with our XRIFig. 1). At high applied fields, the depth (\) for the isostructure Ru§GdCw,0g compound
M(H) curve at 5 K(Fig. 6, inset behaves similarly to that of (With the same F) was evaluated to be around jom.**
the asp sample, indicating that the AFM state is not affected\ssuming a similar A value for the isostructural
by the presence of the SC one. On the other hand, the moMoSKLYCu,Og_ 5, causes many grains with a size smaller
phology of sample C detected by SEMig. 4b)] is some- than\, not to expel the magnetic field and to reduce the
what different from that of the non-SGasp sample. The diamagnetic signals in the ZFC and FC curves. Figure 8
grains are approximately spherical, with a typical size of 2—3xhibits the temperature dependence of the xg4T) and
um, and are well isolated from each other. Further annealingnaginary x"(T) ac susceptibilities measured at various ac
of sample C at 600 °C under flowing oxygésample D, fields (H,J. A similar behavior was obtained for Ru-12%.
shifts T¢ to 26 K and increases the SF and MF to 23% andt is readily observed that the broad transition for this granu-
18%, respectivelynot shown. The relatively high MF value lar superconductor occurs via two stages. The intragrain SC
indicates a weak pinning of the expelled flux lines for thisonset (t=32K), at which the grains become superconduct-
material. ing, is not affected by (k). However, at =24 K, due to
the weak-Josephson inter-grain coupling, bgth(T) and
x"(T) are affected dramatically by J This behavior is
typical for a granular superconductor with a weak intergrain
The ZFC and FC curves for sample (Bnnealed under coupling. Generally speaking, below The susceptibility is
92-atm oxygeh measured at 5 and 500 Oe, are shown ingoverned mainly by the weak-link properties, whereas above
Fig. 7. Tc=32 K, obtained here, is a much higher than theT; it is governed by the intragrain coupling.
18 K for sample B, indicating that Jdepends only on the With the purpose of acquiring information about the criti-
oxygen concentration. We tend to believe that annealing uncal current density @}, we have measured the magnetic
der higher oxygen pressutaot available in our laboratoyy hysteresis(Fig. 9) of sample E at 5 K. Following Bean’s
will shift T to even higher temperatures. Ndt¢the peak approach, dH)=30AM/d, where AM (in emu/cg is the
around 11 K(at 5 Oe in both branches andi) that the difference in M at the same H, and=@.5 um (Fig. 4). J is
magnetic features are not visible in the 500-Oe curves imbtained as J=1.8x 10° and 1.0< 10° A/cm? at values of
which the SC state is the dominant one. The SF and(MF H=0 and 1000 Oe, respectively, which compare well wih J
5 K) are ~23% and 18% of the- 1/4x value, the same obtained in Ru-1222 under the same condititiighe linear
values as for sample D ¢F 26 K). We have not corrected field dependence ofcJon a semilogarithmic scalewith a
for the demagnetization factor, which should be small, sinceslope of —0.66) is shown in Fig. Qinse}.
the sample has a bar-shape form and the external field was Above T., the dc susceptibility curves at 10 kOe mea-
parallel to the long axis. Therefore we may assume that thessured for all samples have the typical PM shape and adheres
SF and MF values represent the bulk properties of the S the Curie-WeissCW) law: y= xo+ C/(T— 6), whereyx,

C. High oxygen pressure annealed MoS¥ Cu,0Og_ 5 sample
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CONCLUSIONS

Synthetic conditions were optimized for Mo-1212Y,
where the Mo sublattice is antiferromagnetically ordered at

i WP .

-25 4

16 K. The absolute value of the oxygen content of the
samples is not known. The as-prepared sample is not super-
conducting. Superconductivity in the Cu-O layers is induced
with an appropriate annealing which increase the oxygen
concentration. The highest-F32 K was obtained by an-

: nealing under high oxygen pressure at 650 °C. It appears that
small differences of the annealing conditions are very impor-
tant for the overall oxygen content, and significantly affect
Tc and the shielding fraction of the material. This finding is
reminiscent of the typical behavior of the development of the
SC in the well-known YBgCu;0O, system. Neutron diffrac-
tion studies are now being carried on, in order to determine
the detailed crystal and magnetic structures of the various

. i . ] compounds. The AFM ordering, which coexists with the su-
is the temperature independent parjofC is the Curie con-  nerconducting state through  effectively decoupled sub-

stant, andd is the CW temperature. Generally speaking, thesystems, is not affected by the presence or absence of the
PM values obtained for all samples are similar. The fits to th%uperconducting state. In all samples reported hege, T
CW law yield C=0.40-0.46 emu K/mol Oe and a negative T This rather surprising results raises a question as to

¢= from —7.6 to—2.2 K, which corresponds to an effective \yhy Mo-1212 behave so differently than the Ru-1212 system
moment R¢=[1.79(2)-1.92(2)ug . Note that neitherthe Y iy which T.<T,. Further study is underway to determine
ions nor the Pauli paramagnetic SrMp@hase contribute t0  this difference.

C. Also the roughly temperature independent susceptibility
of the Cu iong[(1.8—2x 10 * emu/mol Oe)(Ref. 13] does

not contribute to C. Therefore, theq{values obtained cor-
respond to the Mo ions and are in good agreement with
1.73ug expected for Md* (4d', S=0.5). Therefore, we ar- This research was supported by the Israel Academy of
gue with high confidence that the prominent AFM featuresScience and Technology and by the Klachky Foundation for
shown in this paper are related to the Masublattice. Superconductivity.
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FIG. 9. The SC hysteresis low loop & K and the field depen-
dence of d in a semilogarithmic scale, for sample E.
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