PHYSICAL REVIEW B 70, 174515(2004)

High-T. superconductivity in three-fluorite-layer copper oxides. Il. (Cu,Mo)Sr,(Ce, Y)3Cu,011+s
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We have synthesized high-quality samples of $k& member of théCu, M0)-12s2 homologous series of
layered copper oxides. ThéCu,Mo0)-1232 phase forms as a single phase for the cation composition
(Cug 76M0g 29 SK(Cey 67Y 0 393C W01 145 through solid-state synthesis in air, but the samples as synthesized are
not superconductive. Superconductivity is induced in the air-synthesized samples by means of high-pressure
oxygenation carried out at 5 GPa and 500°C in the presence gDAgs an excess oxygen source. With
increasing ratio of AgO, to the(Cu,M0)-1232 phase the-axis lattice parameter gradually decreases Bnd
increases. The highe$t value of 53 K reached for samples oxygenated in the presence of 100 mal@, Ag
exceeds the values reported for Cu-based two-fluorite-layer compounds.
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I. INTRODUCTION of partial substitution of the charge-reservoir Cu either by

The known high¥, superconductors and related la eredOther metal atoms, i.e., M’:Ti,_V,Cr,Fe,Co,Ga,
gt Sup y wge: Mo, W, Re, Cegtc./*or by oxy-anions, such as BQ

copper-oxide phases may all be imagined as members of t N A ) Lo
structure categories: category A comprises the phases tha » and PG For the Cu-12 series the thirds=3)

consist of perovskitéP) and rocksal(RS) type layers piled member has been stabilized as well, both in mgltlphase
up with a sequence of AO[RS]-(MOy. s P/RS- samples of Cu$S(Ce,H0;Cwu,041.5s and nearly single-
AO[RSJ-CuQ,[P]-(Q-CuG,),_1[P], whereas the category phase sarpzpllizs of (Cu,M")Sry(Ce, HO5CL01125 (M

B phases contain additional fluoritéF) type layers =—PP.Fe Al 7% None of theses=3 samples, however,
inserted between two adjacent Cuplanes, i.e.,AO[RS]-  Showed superconductivity.

) _ TR (O ) In the present study, by taking advantage of the high-
(MOxgm) m[P/RS-AOIRS]- CUG,[P]-[B- (0 B) s 1] F] pressure oxygenatiofiPO) technique previously utilized in

1,2 I
g#e%[isil forrirlj:ams otfh ?[hegIvﬁ;seslaz?rtheset(\?vuoenccaetz Otr?ees“superconductorizing” the CosYCuOy., phaser we
A and B are derived atpM 0,.CULO agd have been able to induce superconductivity in
’ m2Qn-1CUOm: 22020 (Clp 79M0g 25 SK(Cey 67Y 0.393C 01145  Samples  of the

MAxBCU 4 Onrarsosess  respectively, or in  short, 3
Cu,M0)-157232 phase. Moreover, thE, value has been
M-mA2(n-1)n and M-m®(2k)s(1+k)2.2 Then, a group of (Cu, ; e
(n-1) (2s(1+k) group successfully controlledin terms of the amount of A®D,

phases for which thAO-(MO4.5m)m-AO portion is common )
used as an oxygen source in the HPO treatimept to
but the number of Cu@planesn (category A, or the number 53 K—just to exceed those reported for various

9f fluorite Iayer;s (category B, varies, comprises a Cu-1222-structured compounds.
homologous series?.

The s=1 phases of category B may be equally well
imagined as the correspondimg=2 phases of category A.
Many of these phases are well-established superconductors
such as CuB&Cu,0,.s or Cu-1B3212 (or “Y-123"). A (Cu,Mo)-157232 master sample of
Among the (p-type doped) s=2 phases of category B, (Cuy;dV0g20Sh(Cey67Y 0.393Ch0;145 Was synthesized by
Cu(Ba,R)y(Ce R),CU,0g.5 (R=rare-earth element or  solid-state reaction from an appropriate mixture of high-
Cu-18aR222 was the first to show superconductivity. purity powders of CuO, Mo§) SrCQ;,, CeQ;, and Y,0s. The
The highest T, of 43K was achieved for arR=Eu  mixed powder was calcined at 950°C and sintered at
sample synthesized under ambient pressure but oxygenat@d20°C in air with several intermediate grindings. Portions
under elevated © pressured. For these first Cu-1222 of this as-air-synthesizedAS) sample were then high-
samples with Ba as the mafsite constituent, the apparent pressure oxygenated at 5 GPa and 500°C for 30 min in a
role of the trivalentR substituent was to stabilize the cubic-anvil-type high-pressure apparatus in the presence of
Cu-1222 structure. With Sr at thA site, the Cu-1222 Ag,0, as an excess-oxygen source. The amount ofO3g
structure is formed even without “structure-stabilizing” mixed with the (Cugy7gM0g 29)SE(C& 67Y 0393C 01146
substituents, viz., CugliCe, Y),Ct;,Oq.5° though only under  powder was systematically varied from 12.5 to 100 mol%
high O, pressures. Note that at ambient pressure theccordingly to obtain the samples of HPO-12.5, HPO-25,
(Cu,CeSn(Ce,Y),Cp0g:5s  phase rather  than HPO-50, HPO-75, and HPO-100.

CuSk(Ce, Y),CU,0q. s forms in the Cu-Sr-Ce-Y-O systefn. Powder x-ray diffraction measurementgRigaku:
Actually the (Cu,CeSn(Ce,Y),Cu,0q.5 phase is just an RINT2550VK/U; CuK, radiatior) were performed to check
example of th&€Cu,M’)-157222 phases stabilized as a resultthe phase purity and determine the lattice parameters of the

Il. EXPERIMENTAL
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samples. The AS and HPO-100 samples were further charac R
terized by high-resolution transmission-electron microscopy g |e o AS
(HRTEM) and electron diffractiodED) techniques using an - § |5 *Ce0,

ultrahigh-voltage transmission electron microscgdaachi:
H-1500 operated at an accelerating voltage of 820 kV. For —
these experiments a specimen was prepared by crushing HPO-12.5
portion of the sample into fine fragments, which were ultra- . Ag

sonically dispersed in Cglnd transferred to carbon micro-
grids. w LJ'»»J\JJL\JW

The amount of “excess” or removable oxygen was esti-
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mated for the samples on the basis of thermogravimetric HPO-25
[(TG); MAC Science: TG/DTA 2000Bruns carried out for S ¢ Ag0
a~ 10 mg specimen in four stepg&t) heating in N at a rate ﬁ ot mw
of 1°C/min up to 700°C(2) cooling down to room tem- ~— & +— & + 1
perature in N at a rate of 20C/min, (3) heating in Q at a % HPO-50
rate of1°C/min to 900°C, ang4) cooling to room tempera- §

[

ture at a rate ol °C/min. For the AS sample, all four steps K .

were employed, whereas the HPO samples were investigate et b { : : .

only up to the second step. HPO-75
Superconductivity and magnetic properties were mea-

sured for all the samples down to 5K in both field-

cooled(FC) and zero-field-coole@FC) modes under 10 Oe N N

using a  superconducting-quantum-interference-device ot ' ' ' '

(SQUID) magnetometefQuantum Design: MPMS-X). Re- HPO-100

sistivity measurements were carried out using a four-point- 4 Unknown
probe apparatugQuantum Design: PPMS s sla
0 20 40 60 80 100 120
lll. RESULTS AND DISCUSSION 2 theta (deg)

From the x-ray powder diffraction patterns shown in Fig.  rig. 1. Xray diffraction patterns for the synthesized
1 for the (Cuy 79V100.29 Sr(Cep 67Y 0.393C 01145 SAMPIES,  (Cuy 7MOp 29 S(Cey 7Y 0395C 01145 Samples. The  indices
both the as-air-synthesiz¢AS) and the high-pressure oxy- given are for the(Cu,Mo0)-1232 structure on the basis of space
genated HPO) samples were confirmed to be of high qual- group P4/mmm
ity; the only visible impurity diffraction peaks were due to a
trace amount of nonreacted Ce@or samples in which the the (Cu,M0)-157232 phase. Moreover, the tetragonal unit
amount of AgO, used as an excess-oxygen source in HPCell with thea: c lattice parameter ratio approximately at 1:4
did not exceed 75 mol% In other words, the(Cu,Mo)- is confirmed from the ED data.
157232 phase was found as the only Cu-containing phase In Fig. 4 we show the evolution of the lattice parameters
[within the detection limit of x-ray diffractioiXRD)]. Natu- @ andc upon the high-pressure oxygenation as refined from
rally each HPO sample should also contain decompositiothe x-ray diffraction data. With an increasing amount of
residug¢s) of Ag,0, i.e., Ag andlor AgO. For the Ag;0, used in the high-pressure oxygenation, éhexis lat-
HPO-12.5 and HPO-25 samples, the main diffraction pealice parameter seems to remain quite constant, whereas the
due to Ag and/or AgO is clearly distinguished. With a fur-
ther increase in the amount of 4@,, rather than a gradual
increase in the intensity of this peak seen is that an amor-
phouslike background appears in thé range of 30°—35°.

The diffraction peaks originating from théCu, Mo)-
1057232 phase were readily indexed with space group
P4/mmm?3 The expected crystal structure was further con- =CuMo « &« o
firmed for the AS and HPO-100 samples by HRTEM and .. =Cu 2y
ED. In Fig. 2 shown is an HRTEM image for the HPO-100
sample. The layer repetition of Sr@u,M0)O,,sSroO-
CuO,-(Ce, Y)-0,-(Ce, Y)-05-(Ce, Y)-CuG, that is charac-
teristic to the(Cu, M0)-157232 structure is clearly revealed.
No sign of extensive stacking faults is seen. From the ED
patterns(Fig. 3) taken for both of the two samples, AS and
HPO-100, with the incident electron beam along [B61],
[010Q], and [1-1Q] directions, it is concluded that the high-
pressure oxygenation does not change the basic structure of FIG. 2. HRTEM image for the HPO-100 sample.
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FIG. 5. TG curves fola) N, annealing(solid line) and subse-
guent Q annealingbroken ling, of the AS sample, an) for the
N, annealing of the ASdotted ling, HPO-25(broken ling, and

FIG. 3. ED patterns for the A%) and HPO-10Qb) samples  HPO-75(solid line) samples.
with the incident beam along the direction®01], [010], and

[1-10] (from the top to the bottom atoms being depleted slightly changes, though not yet con-
_ . _ firmed from a detailed crystal structure analysis. The overall
c-axis lattice parameter gets systematically shortened. Th\ﬁ/eight loss corresponds to~0.32 oxygen atoms per
shortening of thec parameter occurs rather ra}pidly up to (CUp 78M00 9 SH(Cey 67 029:C W04 145 formula unit, i.e.,
25 mol% of the amount of AgD,, then slows. This suggests A8,=0.32. Then upon cycling in £ oxygen is incorpo-
tr('g;[ upon HP_O’ the oxygen content of tH€u,Mo)- rated into the phase again such that the original oxygen con-
17232 phase increases strongly only up to 25 mol%, andeng of the AS sample is not only completely recovered but
beyond that only a moderate change in the oxygen content isen, slightly exceededThis is natural, since the TG anneal-

likely to occur. _ _ ing was done in @ not in air) In Fig. 5b) we show two
To gain a better understanding of the changes in OXYG€fspresentative TG curves recorded in, Nor the HPO

content upon the HPO, we compared the amount of depletedh ples i.e., HPO-25 and HPO-75, together with that for the
oxygen,As, upon an N annealing up to 700°C carried out a5 sample. The total oxygen loss is much larger for the HPO
in a thermobalance under the same conditions for both th?amples than for the AS sample, presumably due to the
AS and the HPO samples. First shown in Fig)sare the  pigher oxygen contents of these samples in comparison to
deoxygenation(in Np) and backoxygenatiortin O;) TG hat of the AS sample. However, it should be noted that for
curves for the AS sample. Upon annealing ip tNe deoxy-  he HpO samples the total oxygen evolution consists of con-
genation occurs in three steps with onset temperatures aboyytions from both theCu, Mo)-157232 phase and A@.
200°C, 370°C, and 420°C. Such a multistep behavior SUge . previous studid&8 it is well known that the sharp
gests that accordingly the bonding strength of the Oxyge'aveight and oxygen loss about 28830° C (only faintly dis-
tinguished for HPO-25 but profoundly seen for HPO-15

b L A due to the reduction of A to Ag. We therefore subtract
z 3,843 J1698 [ that from the total oxygen evolution to estimate the amount
< D o0 o o o ® § of removable oxygen in the (Cu,Mo)-
8382} {1696 3 1659232 phase for the HPO-25 and HPO-75 samples at
§ ° 5ol g ASupo.2=0.84 andA 8,pp.75=0.91, respectively. Now com-
%3.80 - . oc | 1694 & paring the value.slofAéAS (=0.32, A5Hpo_25(:Q.84), and
% ® 1 o Abupo.75(=0.9)) it is revealed that upon the high-pressure

378 ° 1692 Z oxygenation the oxygen content of th@éu, Mo)-1232 phase

. . . . T indeed increases considerably, i.e., by 0.84—0.32=0.52 oxy-

378 0 a0 60 80 100°% gen atoms for HPO-25 and 0.91-0.32=0.59 for HPO-75.

Amount of Ag,0; (mol %) From Fig. §b) it may also be concluded that the onset tem-

peratures for the oxygen-loss steps are shifted to somewhat
FIG. 4. Evolution of lattice parametersandc, upon increasing lower temperatures for the HPO samples in comparison to
the amount of AgO, in the high-pressure oxygenation. those for the AS sample as an indication of weaker bonding
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B8 " s0 100 150 200 250 300 employedd®p/dT2=0 as a criterion for thd,. This yielded

7K a value of~54 K in good agreement with the one from the
magnetization measurement.
FIG. 6. Temperature dependence of magnetization for the AS In Fig. 8 we plot the value off, against the amount
sample(uppe) and the HPO-50 sampléower). of  Ag,0O, used in the HPO for our

, _ . (Cup.79M0g 25)S1>(Cey 67Y 0.393C 01145 Samples  of the
in the HPO samples. Moreover, it should be noted that takingCu, Mo)-1(57232 phase. It is seen that, first increases

an analogy to the situation seen for the related €82B2 strongly with an increasing amount of 4@, and then satu-
phasé? it is appropriate to assume that the oxygen-contenfates beyond-50 mol%. Here one should recall that a simi-
variation in  (Cu,M0-15"232 occurs within the |ar saturation trend was seen for thexis lattice parameter
(Cup 79M0g 2590145 layer only. (cf. Fig. 4). Also from the TG data we concluded that upon
Magnetization measurements were carried out for all théncreasing the amount of A@, the amount of excess oxy-
samples. The AS sample did not show any sign of supercomgen incorporated in th&Cu, Mo)-157232 structure increased
ductivity (see Fig. 6. For the HPO samples superconductiv- rather fast initially but then more slowly. Thus it seems that
ity appeared when the amount of A2, (used as an oxygen there is a certain limit for the phase to incorporate excess
sourcg was 25 mol% or higher. The volume fraction of su- oxygen, at least under the conditions presently used for the
perconductivity (at 5 K) reaches 26% for the HPO-50 oxygen loading. Assuming that theaxis lattice parameter
sample. The ZFC and FC curves for this sample are shown iprovides us with a reasonable measure of the amount of ex-
Fig. 6. The onset of the diamagnetic signal is seen at 53 Keess oxygen ifCu,M0)-157232 and thus the overall hole-
Figure 7 displays the resistivityp) versus temperatur€l)  doping level, we plot the value &F. against it in Fig. 9. For
curve for the same sample that shows a clear down turn igomparison, also given in Fig. 9 are similar data for the first
resistivity about 50 K. The fact that the zeroresistivity is nottwo members of th€Cu,M0)-15"2s2 homologous series:
achieved is attributed to the apparent existence of partlyjlled circles for our (Cug 79M0g 29 SKLYCu,0, 5 (s=1) and
amorpho_us decomposition resitﬁ_s)eof Ag,0, at the gr_ain (Clp 7900 29 S(Cepy 26Y 079 ,CO04s (S=2) Samples addi-
boundaries of the superconducti(@u, Mo)-1*"232 grains. tionally synthesized and high-pressure oxygenated under
To determine the superconductivity transition temperaturgonditions essentially identical to those for the
properly from thep-T curve that is a superposition of the (Clg 7dM0g 29 SH(Cey 67Y 0393CW0114s Samples  of  the
superconductive- and semiconductive-type behaviors, W8=3 phase and open circles for data reported by
ond® for (Cup gM0g ) SKLYCU,07,5 (s=1) and

1.6 — T T T T 1 .
14l ] (Cup gM0g 2) S1r(Cey 375Y 0.6292C0g+5 (S=2) samples. It is
12l 1 seen that for all the three phases of #@u,Mo)-1(572s2

seriesT, increases with decreasirogaxis parameter and in-
creasing oxygen content. None of the three phases shows
overdoped-type behavior or even saturation for Thealue

10]
0.8
06

e (Q cm)

! ] with decreasing-axis length and increasing oxygen content.
041 ] This suggests that if the amount of oxygen could be in-
02p y creased furtherthrough improvements in the HPO tech-

%0 " 30 700 %0 200 250 300 nique or if the hole-doping level could be increased by some

T other means, e.g., control over the aliovalen!-for-Cé"
substitution levef? it might be possible to increase tfig's
FIG. 7. Temperature dependence of resistivity for the HPO-500f all the three phases. Unfortunately for the presently stud-
sample. ied (Cuy7gM0g 29 Sr(Ce Y )3Cu,04445 SYystem, our pre-
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liminary efforts to tune the Y content from that x£0.33 all

R-cation layer inM-1212 and the “double-fluorite-layer”

ended up with multiphase samples. From the comparison dflock in M-1222 to the 8—9 A-thick “triple-fluorite-layer”
the maximumT, values among the three members of theblock in M-1232.

(Cu,M0)-1572s2 homologous seriegFig. 9), we conclude
that even though the values reached for the higher members
are considerably lower than those obtained for¢hé phase

(88 K), the trend of decreasing,. with increasings, i.e.,
thickness of the fluorite-structured layer-block separating th(lae
two CuQ, planes, does not continue beyosrl2, but rather
the T, value recorded here for the=3 phasg53 K) slightly
exceeds the one previously reported for tbe2 phase

(50 K).2 We also _acknowledge that the purely Mcfbasedambient—pressure solid-state synthesis. Moreover, we suc-
MoSRLRCL,07.; (s=1) gnd . MOSE(Ce,R)ZCLJZ-O-g+5 (5_2_) . cessfully induced bulk superconductivity in ti€u, Mo)-
phases were recently hlgh_-llghted due to their interesting iN3(snp3o samples by loading the phase witi9.5 additional
terplays between magnetism arld superconduct¥#g.So oxygen atoms by means of a high-pressure-oxygenation
far the MoSg(Ce, Y)sCl,01145 (5=3) phase has not been technique. The highedt, value of 53 K reached in this work

synthesized. ffor the (Cu,M0)-1(57232 phase exceeded the value previ-

Finally we emphasize that the successful induction o (s .

. e ; ously reported for théCu,Mo)-1°"222 phasgwhich has
high-T, superconductivity in the three-fluorite-layer copper- = op, o inter-Cu@plane distance than th&éCu,Mo)-
oxide phase$® M-1232, potentially provides us with possi- 1051232 phasg

bilities in terms of “intrinsic atomic-layer engineering®.
Generally—as a consequence of its layered crystal
structure—a highF; superconductor may be considered as a
stack of intrinsic superconductor-insulator-superconductor
Josephson junctiorfs:?® Now we have superconductors for ~ This work was supported by Grants-in-aid for Scientific
which the spacinginsulating block between two supercon- ResearcliNos. 15206002 and 152060/tom the Japan So-
ductive CuQ planes(i.e., basal planes of the Cy@quare- ciety for the Promotion of Science, and the Nanotechnology
pyramid layers has been extended from those of the singleSupport Project of the MEXT, Japan.

IV. CONCLUSION

The 1232-structured phase with Cu as the main charge-
servoir constituent had previously been detected in multi-
phase samples only. In the present work samples of the phase
were obtained in essentially single-phase form for the com-

position, (Cuy 78M0g 25)S(Cey 67Y 0.393C 01145  through
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