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The RuSsGd; Cea Cu049-5 (RU-1223 compounds, with varying oxygen content, crystallize in a tetrag-
onal crystal structuréspace group4/mmm). Resistanc€R) versus temperatur@) measurements show that
the air-annealed samples exhibit superconductivity with superconduting transition tempé€faturaset at
around 32 K andR=0 at 3.5 K. On the other hand, the-ddnnealed sample is semiconducting down to 2 K.
Magneto-transport measurements on an air-annealed sample in applied magnetic fields of 3 @rdl§ T
show a decrease in boff) onset andlr-,. Magnetoresistance of up to 20% is observed in theahhealed
sample at 2 K and 3 T applied field. The dc magnetization @dtas T) reveal magnetic transitiond .9 at
100 K and 106 K, respectively, for both air- and-Bnhnealed samples. Ferromagnetic components in the
magnetization are observed for both samples at 5 K and 20 K. The superconducting transition temJgyature
seems to compete with the magnetic transition temperdflirg). Our results suggest that the magnetic
ordering temperatur€T,,,9 of Ru moments in Rugoctahedra may have direct influence/connection with the
appearance of superconductivity in Cy-@lanes of Ru-1222 compounds.
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[. INTRODUCTION RuG; octahedra. The oxygen content of Ru@ctahedra or
ge ratio of R4*/Ru’* can be controlled to some extent in

Recent discovery of the coexistence of magnetism an U-1222, but not in Ru-121%. Therefore, it is of prime

superconductivity in Ru-12ZRuSk(Gd,C8,Cu,040-9*2 .
ang Ru-lZl{RuySrzG dCuy0g._ )30 ?uth eno ClZJerJ;telSO ﬁcom— |ntere§t to vary the oxygen content of Ry@ctahedra, and
pounds has attracted a great deal of attention. Both R tu_dy Its effe_ct On th@ g andT, of the Ru-1222 compound,
21212 and Ru-1222 compounds are related with the C his is the aim of our present work. We have been successful

-1212(CuBaRECy0, or RE-123, RE=rare earthgom- " controlling theT, of the Ru-1222 compound from 3.5 K
pounds with Ba in the latter replaced by Sr and oxygen deto no_n—supercond_uctlng_ state W|fch|n the same crystallo-
ficient CuQ_q chains replaced by RyGbctahedra. Further, graphic phase. This provided us with an oppor.turyty to com-
the oxygen free RE layer between Cu@anes in Cu-1212 js  Pare theT, and Tp54 Of Ru—.1222. Our results indicate that
replaced by a rocksalt @5d,C8-O block in the Ru-1222 both T¢ and Tp,g compete with each other.
structure. Synthesis of both Ru-1212 and Ru-1222 com-
pounds in pure phase has been a problem due to the forma-
tion of magnetic SrRu@and GgSrRuQ in the matrix—° [l. EXPERMENTAL DETAILS

By now, it is widely accepteef*~"that the Ru moments
in RuQ; octahedra of Ru-1212 and Ru-1222 order magneti- The RuS)Gd; Ce,Cu,0;9-5(RU-1223 samples were
cally around 100-140 K ,,9, though the exact nature of synthesized through a solid-state reaction route from RuO
ordering is still debate8:1° Further, superconductivity asso- SrCQ,, Gd,05;, CeQ,, and CuO. Calcinations were carried
ciated with the Cu@planes with transition temperatuf€,)  out on the mixed powder at 1000, 1020, 1040, and 1050°C
of up to 40 K1%is observed in these compounds. Coexist-each for 24 h with intermediate grindings. The pressed cir-
ence of superconductivity and magnetism in these comeular pellets were annealed in air for over 48 h at 1050°C
pounds has been indirectly proved by nuclear magnetic resgnamed “air-annealed.’ One of the air-annealed pellets was
nance(NMR) experiments! At the same time, it is worth further annealed in nitrogen g#% atm at 420°C for 24 h
mentioning that there exist some reports, which are againgtnd subsequently cooled slowly to room temperatnesmed
the genuine coexistence of superconductivity with magne¢N ,-annealedy. X-ray diffraction (XRD) patterns were ob-
tism in these compounds:'3 tained at room temperatuf®AC Science: MXP18VAHF;

Both the magnetic ordering temperatyfg,,) of the Ru  CuK, radiatiorj. Magnetization measurements were per-
moments and the superconductivifl;,) of the CuQ planes formed on a SQUID magnetometgiQuantum Design:
are expected to be controlled by the extent of RRWP*  MPMS-59. Resistivity measurements under applied mag-
ratio in RuQ octahedra. The controlling df,,4is due to the  netic fields of up to 9 T were made in the temperature range
mixed RU*/RWP* ratio and that of thd is due to the doping of 2—300 K using a four-point-probe techniqu€PMS,
of CuQ, superconducting planes by charge transfer fromQuantum Design
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FIG. 1. Observed x-ray diffraction pattern for the air- and F.|G' 2. Re3|§tar_1ceR) vs te_mperatureT) plotsin 0, 3, and 6 T
N,-annealed RUSEd, £Ca, 0 samples applied magnetic fields for air-annealed Ry Ce) CUO010-s
2 15750 10-0 ' sample. Inset shows the magnetoresist&htR%) vs T plot for 6 T

applied field.
Ill. RESULTS AND DISCUSSION

A. X-ray diffraction and phase formation considerably improved by annealing in oxygen under
0,16 i i _
Both air- and N annealed Ru-1222 compounds crystal- pressuré?*® In fact, by annealing in 100-atm-Done can

P ; achieve T, of up to 40-45K!° By normal pressure
Lllz:ebLngg;gtxr%g%n::wdstgicztg.rigzg /gr%lﬁptﬁénf]g:nr?e;/v :L]d (1 atm O, annealing, th_eTC. .of the air-annealed sample
a=b=3.84983) A and c=28.49269) A for the latter. The ~c0uld not be increased significantly.

increase in the lattice parameters of theadhnealed sample In applied magnetic f|eld§ of 3 and 6 T though the nor-
indicates an overall decrease in oxygen content of th al stgte(aboveTc onsej r_e5|stancg behawoge(t)f R“'}F%:%)Z IS
sample. X-ray diffraction patterns for both the air- and€Ssentially the same as in zero field, baffi**and T

N,-annealed samples are shown in Fig. 1. Small impuritydecrease with applied field. For exampldc™ is
peaks(marked with “*") are seen close to the background. 32 K,27 K, and 15 K, respectively, for 0, 3, and 6 T applied

The presence of small amounts of SrRuGnd/or fields andT(CRZO) state is not observed under these applied
GdSKRUQ in Ru-1222 samples has been noted earlierMagnetic fields. Magnetoresistan@éR) defined as

also25Our currently studied samples are, in fact, far better o — _
in terms of their phase purity, compared to those reported MR % =[(Ri = Ro)/Ryy] X 100 D
earlier by various authors. As mentioned earlier, Ru-1222 igs plotted in inset of Fig. 2. Though the observed MR% is
structurally related to the Cu-1212, e.g., CyB&uU,0,_; small, it changes sign at around 180 K being positive above
phase with Cu in the charge reservoir in the latter replaced80 K and negative below 180 K. The sign change of MR at
by Ru such that the Cu-O chain is replaced by a Rslizet. 180 K might be related to the magnetic structure transforma-
Furthermore, a three-layer fluorite-type block, instead of dion at the said temperature. We shall discuss this later after
single oxygen-freeR (R= rare earth elemeptayer, is in- presenting magnetization results.
serted between the two CuyOplanes of the Cu-1212 Figure 3 depicts the resistance versus temperdfE)
structuré® to get the Ru-1222 phase. behavior for the N-annealed Ru-1222 sample in magnetic
fields of 0, 3, and 6 T. Th&T behavior of this compound is
B. Electri I , semiconducting down to 2 K. No superconducting transition
. Electrical transport under magnetic field and magnetism ; ; .
is observed in the whole temperature range studied
The resistance versus temperatUReT) behavior of air-  (2—300 K). Further, in the low temperature region, an appre-
annealed Ru-1222 sample in magnetic fields of 0 T, 3 T, andiable MR is seen in this sample. Magnetoresistance, as a
6 T in the temperature range of 2—300 K is shown in Fig. 2 function of applied field, at temperatures of 5 and 10 K, is
The resistance of the compound increases with decrease pilotted in the inset of Fig. 3. MR 0f20% is observed at
temperature indicating its semiconducting behavior. Hows K in an applied field of up to 9 T. At 2 K, around 20% MR
ever, in zero applied field, the compound shows a sharp drojg seen even in low applied field of 3 (plot not showi.
in its resistance at around 35 ®@2") with zero resistance Figure 4 shows the magnetic susceptibility) vs tem-
state occurring at 3.5 K’(CR=°>. Rather broad superconducting perature(T) behavior in the temperature range of 2—300 K
transition and the low value df. (3.5 K) point towards low for an air-annealed Ru-1222 sample in an applied field of
carrier concentration in the air-annealed sample. It is welllO0 Oe, measured in both zero-field-coo{g&C) and field-
known that superconducting properties of Ru-1222 can beooled(FC) modes. They vs T plot shows the branching of
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FIG. 3. ResistanceR) vs temperatur€T) plots in 0, 3,and 6 T
applied magnetic fields for Nannealed Ru$S6Gd; Cey Cu,049-5
sample. Inset shows the magnetoresistaiidB%) at 5 K in ap-

plied fields up to 9 T.

ZFC and FC curves at around 95 K and the magnetic sus-
ceptibility starts shooting up at around 100(K,g. In fact,
the susceptibility of the Ru-1222 compound starts deviatin
from normal Curie-Weiss paramagnetic behavior at aroun
165-200 K. It has been reported that the Ru moments i
Ru-1222 order antiferromagnetically at around 180 K, which
later develops into a canted ferromagnetism at lower tem
peraturesT,0).2#6As mentioned earlier, the exact nature o
magnetic ordering in low temperature region is still debated
The 180 K paramagnetic to antiferromagnetic transitio
could be seen in magneto-transport measurements al
where small positive MR changes to negative MR below thi

temperaturdinset, Fig. 2.

24
20
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FIG. 4. Magnetic susceptibilityy) vs temperaturéT) plot for
air-annealed Ru$Gd; Ce) sC,014-s in both ZFC and FC modes
with applied field of 100 Oe, inset shows the same fdr

=5000 Oe.

FIG. 5. Magnetic susceptibilityy) vs temperatur€T) plot for
N,-annealed Ru$6d; sCe sCw,049-5 in both ZFC and FC modes
with applied field of 100 Oe.

The characteristic temperatulg,,q is weakly dependent
on an applied magnetic field <100 Oe. ForH > 1000 Oe,
both ZFC and FC magnetization curves are merged with
iach othe(see inset, Fig. ¥ In fact, no ZFC-FC branching
observed down to 2 K in the 5000 Oe field. This is in

IE;eneral agreement with earlier reporisSuperconductivity
is not seen in terms of diamagnetic transitid) in an ap-
plied field of H=100 Oe(Fig. 4). It is known that, due to
internal magnetic fields, these compounds are in a spontane-
ous vortex phas&€SVP) even in zero external fiell. For

1< T<T,. the compound remains in a mixed state. Hence
Sf?Tough R=0 is achieved at relatively higher temperatures
S(3.5 K, see Fig. 2 the diamagnetic response is seen at much
lower temperatures and that too in quite small applied mag-
netic (Hy <25 Og fields. Hence, we could conclude that the

0.8f
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magnetic susceptibilityy) vs T behavior shown in Fig. 4
does not exclude the presence of superconductivity in the
presently studied air-annealed Ru-1222 sample. At lower ap-
plied field of 5 Oe, the compound exhibits a diamagnetic
transition (T) below the T state(curve not showp

The x-T behavior in the temperature range of 2—300 K
for the N,-annealed Ru-1222 sample in an applied field of
100 Oe, measured in both zero-field-coo{@#C) and field-
cooled(FC) modes, is shown in Fig. 5. The general shape of
FC and ZFC magnetization plots is similar to that for air-
annealed sample. The interesting change isThg{ (defined
earlien has increased to 106 K for the,dnnealed sample.
It is worth mentioning that the Nannealed sample is not

T (K)

superconducting down to 2 KFig. 3, R vs T results.

C. Ferromagnetic component

Magnetization(M) vs applied field(H) isotherm at 5 K
for the air-annealed Ru-1222 sample is shown in Fig. 6. The
magnetization starts saturating above 6 T field in both direc-
tions. TheM-H plot is further zoomed in applied field of
—900 Oe to 900 Oe, and shown in the inset of Fig. 6. At 5 K,
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FIG. 6. Magnetization-field(M-H) hysteresis loop for air-

| h h FIG. 8. Magnetization-field(M-H) hysteresis loop for air-
annealed Ru$Gd, C& (Cu;0;0-5 at 5 K. Inset shows the same  ,ph05109 Ru$6d; Cay C,049_s Sample at 150. Inset shows the
for -900 Oe<H =< +900 Oe.

same for —900 O H =< +900 Oe.

the returning momenM,er,) i.e., the value of magnetization |y steresis loops were not seen at higher temperatures above
at zero returning field and the coercive fidld.), i.e., the Tmag FOT €xample, thévi-H plot at 150 K is seen as com-
value of applied returning field needed to get zero magnetip|etely linear with field(Fig. 8), and no hysteresis loops were
zation, are, respectively, 2.50 emu/g and 160(@set Fig.  yjsible even after zooming at low fieldsset of Fig. 8.

6). It is known that the Gdmagnetic rare earghin this Figure 9 depicts th-H plot at 5 K for the N-annealed
compound orders magnetically below 2 K and Ce remains irry-1222 sample. This plot is similar to that observed for the
a tetravalent, nonmagnetic state, henceMhg, andH, aris-  ajr-annealed Ru-1222 sample. The zoomed ferromagnetic
ing from the ferromagnetic hysteresis loops do belong to Rigomponent is shown in the inset. The interesting difference,
only. Interestingly, for Ru-1222, the hysteresis loops are reyhen compared with air-annealed sample, is Matoes not
ported to be quite narro? This indicates that, in Ru-1222, saturate in applied fields up to 7 T. This is in contrast to the
the ferromagnetic domains are less anisotropic and mMorg)-H plot for the air-annealed sample at 5 K for whith
rigid. The M-H loop at 20 K for the air-annealed Ru-1222 saturates in a field of 6 Tsee Fig. 6. The M-H plot for
sample is shown in Fig. 7, which shows a decreaseq|,-annealed sample is further zoomed in applied field of
Mren{1 emu/g andH(75 Og compared to the 5 K plot in  _90p Oe to 900 Oe, and shown in the inset of Fig. 9. A

Fig. 6. The values of bottM,, and H. decrease withl.  ferromagnetic loop is seen clearly wiM,, (2 emu/g and

45 T T T T T T T T T v ) ' 1 M 1 v 1 v T
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FIG. 7. Magnetization-field(M-H) hysteresis loop for air- FIG. 9. Magnetization-field (M-H) hysteresis loop for
annealed Ru$6d; Ce) Cu,049-5 at 20 K. Inset shows the same N,-annealed Ru$6d; Ce sCu,019-5 Sample at 5 K. Inset shows
for =900 Oe<H =< +900 Oe. the same for —900 CeH =< +900 Oe.
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It has been reported earlier that the oxygen content of Ru-
1222 istunable to some extent by,NAr annealing but not
for Ru-1212** Thus it has been possible for us, in the
present study, to get both air- and-Bnnealed Ru222
samples in the same crystal structure. Decreased oxygen
content of the N-annealed sample is indicated by in-
creased c-parameter of the samfilee exact oxygen con-
tent has not been determined

As far as the second point is concerned, the air-annealed
sample is superconducting but the-Bhnealed sample is
not. Further, the normal state conduction, though semicon-
ducting for both samples, is relatively better for the air-
annealed sample. This indicates that the air-annealed sample
has relatively more mobile hole-carriers than the
N,-annealed sample. The doping for mobile holes in widely
believed conducting/superconducting Cy-flanes in RE-
123 compounds takes place by charge transfer from oxy-
gen variable redox CuQ; chains. In Ru-1222, therole of
the redox layer is supposedly played by Ruiztahedra.

FIG. 10. Magnetization-field (M-H) hysteresis loop for In the N,-annealed sample, the RURW* ratio will be
N,-annealed Ru$6d,; Ce sC,,019-s Sample at 20 K. Inset shows different than that in an air-annealed sample, and hence
the same for —900 CeH = +900 Oe. the number of transferred mobile holes to Cy-fanes

will be different. As far as magneto-transport is con-

Hc (170 O8. The M-H loop at 20 K for the N-annealed cerned, no appreciable MR is seen abdlg, for both
sample is shown in Fig. 10, which reveals deCfease@amples For the air-annealed superconductlng sample, the

Mem (1 emu/g and H(70 O@. The trend ofM,, andH,  broadening of transition under field is seen and is similar
for the N,-annealed sample is similar to that of an air-to that in other HTSC compounds. For the-ahnealed
annealed sample, i.e., both decrease with increase in tergample, negative MR of around 20% is seen at 2 K. As we
perature. TheM-H loops were not seen abovg,,q for the  know from present magnetization measurements and vari-
N,-annealed samples also. ous other earlier reports, that the low temperature magne-

The results presented above for both air- aneaNnealed tism of Ru-1222 is conplex and calls for magnetic phase
presently studied Ru-1222 samples may be summarized g&eparation including spin gla3®, canted antiferro-

N
<o

(o]

M (emu/gm)

follows: magnetismy® or both simultaneously. Though the mag-
(1) Both air- and N-annealed samples crystallize in a netic structure of Ru-222 is not yetevealed by low tem-
single-phase tetragonal structyspace group4/mmm). perature neutron scattering measurements, one thing is ap-

(2) The air-annealed sample is superconducting withparent that the compound possesses complex low
TR 9 of 3.5 K, while the N-annealed is not superconduct- temperature magnetism. In such situations, appreciable
|ng down to 2 K. The N-annealed sample exhibits negative MR is expected due to tunnelling between various mag-
magnetoresistance of up to 20% at 5 K. netic domains arising from the magnetically phase sepa-

(3) Both air- and N -annealed samples order magneti-rated system. The Nannealed sample is highly under-
cally, with Ty,,g0f nearly 100 K for the former and 106 K for doped and hence one presumes that electrical transport
the latter. conduction is mainly through the Ry@ayer, where mag-

(4) Both air- and N-annealed samples exhibit ferromag- netic scattering does take place. The role of magnetic
netic loops belowT .y The relative width of loops is more charge spin scattering has earlier been observed in
(higher M, andH,) for the air-annealed sample compared Ru-1212, vhere T,,4iS clearly seen as a hump in resistiv-
to that of the N-annealed sample at a fixed temperature. ity measurement$? To our knowledge, this is the first

(5) For the air-annealed sample, thieH behavior at 5 K observation of finding appreciable negative MR at 2 K in
exhibits near saturation above 6 T. However, for theaN-  a non-superconducting RL222 conpound. This is in con-
nealed samplelM is not saturated up to an applied field of formity with the earlier reports of magnetic phase separa-
7T. tion at low temperature in R42221919

We now discuss these results point by point. As far as the The third point is comprised of the fact that, for supercon-
phase formation and crystallization of the two Ru-1222ducting air-annealed samplg,,4is 100 K while the same is
samples is concerned, it seems that there is some scope fb06 K for nonsuperconducting .MNannealed sample. As the
oxygen to get released from Rygctahedra while still T, (superconducting transition temperatuiacreases, the
maintaining its crystal structure. In fact, another school ofT,,,(magnetic transition temperature of Riecreases. This
thought also exists, which believes in the release of oxygeis further demonstrated by the fact that 100-atppOstan-
from rocksalt O¢Gd,Ce-O block and not from Ru@in  nealed sample possess&g of 43 K along with Ty, of
Ru-1222. Recent spectroscopic studies on Ru-1222 do shoaround 90 K2! Tmag depends weakly on the measuring dc
indications towards valence fluctuations of “RtRWP* and ~ magnetic field. Hence one should be careful in comparing
hence some variation in oxygen content of RwOtahedrd®  the Ty,q and T, of various Ru-1222 samples. Also, one
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should be reminded of the fact that the decreased number d¢ifie long range coupling of aligned ferromagnetic domains,
mobile carriers in Cu-@planes of the Bannealed sample which is observed for the air-annealed sample only. Long
along with other structural parameters may also be partlyange coupling of aligned moments is directly dependent on
responsible for the nonsuperconducting behavior. One canngte stability of RuQ octahedra tilt angle superstructures,
explicitly say that increasedly,q is responsible for the de- which is certainly less for the Nannealed sample due to
creased superconductivity of the system. What is apparemfreak down in the homogenous oxygen content close to 6.0
though, is the possible competing natureTggg and T, in the octahedra. In earlier reports also, MeH plots at 5 K

As discussed in pointl) above, the Rt/RW" ratio in g5 superconducting Ru-1222 samples, saturated below an
variously processed Ru-1222 samples is supposed to boﬁ)plied field of 7 TL216.21

different. The amount of R will be higher in the
N,-annealed sampfé:'8T .. originates from the ordering of

Ru moments in Ru@ octahedra. Changed amounts of IV. SUMMARY AND CONCLUSIONS

Ru**/RuP* magnetic spin contribution is responsible for dif-

ferentT,n,q f the two compounds. A higher content of Ru The Ru-1222 ruthenocuprate compounds have been syn-
gives rise to increaselqg thesized with both magneto-superconductiiag-annealeg

The fourth point says that though both compounds havé&nd only magneti¢N.-annealegiproperties. The same crys-
ferromagnetic domains at low temperatures belbyy, the tal structure is maintained for both compounds. The Ru mag-
characteristic values i, andH. are relatively higher for Netic ordering temperatur€Ty,g is higher for the non-
the air-annealed sample. Our detailed microstructural studiegtperconducting sample than for the superconducting
earlier for Ru-1222 showed that the observed superlatticample. M-H plots at 5 K saturate below 6 T applied field
structures due to tilt of RuQoctahedr® might be coupled for the superconducting sample, but not for the non-
with the weak ferromagnetic domains constructed by ordersuperconducting sample. These results could be explained on
ing of the canted Ru moments below the magnetic transitioihe basis of the presence of mixed valency of RRW>*in
temperature(Ty,,9. Hence coupling of ferromagnetic do- these compounds. It is apparent th_at magnetlc order of Ru in
mains depends on the long-range ordering of tilted RuORUGs octahedra and superconductiviff,) in Cu-O; planes
octahedras in a given Ru-1222 system. In theaNnealed are intimately related with each other, indicating the coexist-
sample, the long-range superstructures may break down relg@nce of magnetism and superconductivity in Ru-1222 com-
tively at smaller length scale than in an air-annealed samplgounds.
due to less oxygen in Ryctahedra of the same giving rise

to weak coupling of the ferromagnetic domains. This will ACKNOWLEDGMENT
give rise to lower values dfl,.,, andH.. This also explains
the fifth point regarding the observed saturation of he Authors from NPL thank Professor Vikram Kumar
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