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Fey Cug «(Ba;_,Sr,),YCu,0,, 5 (x=0, 0.5, and ) superconductors prepared
by high-pressure synthesis
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In this paper, the Fe-containing superconductorgsEg, sBa,YCu,0;, 5, F& sCuysBaSryCyO,, s, and
Fey Cuy sSKhYCu,0;, s were successfully prepared by common solid-state reaction followed with a procedure
of high pressure synthesis. The structural change and superconducting properties in
(FeCu, _,)BaSrYCuyO,, s (x=0—1.0) systems were also investigated. Annealing experiments indicate that
the occurrence of superconductivity inge€u, 5(Ba; _SFK,),YCU,O7, 5 (x=0, 0.5, and 1 systems is mainly
induced by the procedure of high-pressure synthesis, which causes the increase of oxygen content and the
redistribution of Fe atoms between @u and Cy2) sites, but not from possible secondary phase of
YBa,Cu;0;_ 5, YBaSrCyO,_ s or YSr,Cu;O;_ 5 superconductors.
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. INTRODUCTION YSr,Cu, F& 0.5 compound by high-pressure oxygen
annealing, T, reaches 60 K and a shielding fraction
It is well known that YBa(Cu, M ,)30¢, s (M=Fe and of nearly 100% is achieved. Recently Shimoyastaal?®
Co) systems[we denote it as (R€u,_,)BaYCu,O, 4] prepared FeSK¥Cu,O;, s superconductor withT,~60 K
have been extensively investigated for providing informationusing a complex synthesis procedure and Moctekual?’
about the mechanism of superconductivity and understandietermined the crystal structure of this super-
ing the correlation among superconductivity, magnetism, angonductor by neutron powder diffraction studies. Besides,
crystal structure in high-temperature ceramicsome Fe-containing oxides with perovskite structure,
superconductors:*® The main conclusions concerning its such as (PbsFey 5)S(Y o sCap.5) CpO;, >
crystal structure and superconducting properties are as foPaR(ClUo 5.xF€& 5-x)20s 5 (R=Y, Sm),?~%
lows: Bi,SFe,0,,%? BaYCuFeQ,* etc. have also been reported,

() In undoped YBaCu;0,_; superconductor, there are but none of these compounds are.superconducting.
two different structural Cu sites: Cl) and Cu2). The Cu(1) We have prepared a Fe-containing cuprate superconductor

site has a square planar oxygen coordination and forms Cu-5%_-5CL’0-5Baerqéo7+5 W_ith Te~77 Kinthe year 2000 by_ .
chain, and the Q@) site has a fivefold pyramidal coordina- solid-state reaction and high pressure synthesis. The prelimi-
tion of oxygen and forms CuQOplane. There is strong evi- nary results of this superconductor have been repdftad.

dence from neutron-diffraction results that(@Cusites are the ter that, the studies of Fe-containing superconductors were

preferred occupation sites for Fe and Co atoms in substituted€veloped and superconductors of, Ky sBa,YCu,0y. 5
(Fe.Cu,)Ba,YCU,0,, 5 compound:—S and FgCu, sSrYCu,05, s were successfully prepared. In

(b) Neutron and x-ray diffraction analysis indicate that this paper, the preparation, superconductivity, structure, and

(Fe,Cuy_,)Ba,YCU,0; . s undergoes a structural phase tran-the results related to these superconductors are presented.
sition from orthorhombic to tetragonal at Fe concentration
x~0.12-0.15°~8 Electron microscopy observations indicate Il. EXPERIMENT
that the microstructure of (F€u, _,)Ba,YCu,0O,, 5 evolves
as the Fe concentration chande¥’

(c) The superconducting transition temperatdig, de- The predried ¥O3, BaCQ;, SrCQ;, Fe,03, and CuO
creases with the increasing Fe concentratipwhenx ex-  powders of 99.99% purity were used as the starting materi-
ceeds 0.3, superconductivity disappears complététy>®  als. The powders with the stoichiometric composition of

A. Sample preparation

(d) The oxygen content, ¥4, in FeyCuy 5(Bay _SK,),YCu,0O7, s (x=0, 0.5, and 1.pwere
(FeCu,_,)Ba,YCu,0, 5, increases with the increasing Fe mixed, ground thoroughly, and calcined twice at 925 °C for
concentration due to the higher valence of'E&1° 60 h in air with intermediate grinding. The products were

In previous studies, several grodpghave reported su- pressed into pellets, and calcined again at 925°C for 60 h
perconductivity in YS§Cu;_M,Og, s cOmpounds with Fe and cooled down to room temperature at the rate of 30°C
(or Co light substitution, but the heavily substituted com- per hour in air. These samples prepared by the common
pounds &>0.3) did not exhibit superconductivity. solid-state reaction procedure were labeled as AM sample.
Denetiaf* observed superconductivity witi.~30-50 K in The AM-sample powders were oxygenated under high
Fe(Co or Ti)-dopedR-123 phase YSFeCu,_,Og, s With pressure of 6 GPa at 1000 °C for 0.5 h by the addition of 5
x=0.3, while atx>0.3, superconductivity could not be ob- wt.% KCIO, (which was used as an oxygen souyrtea Six
served. Shietal? improved the superconductivity of anvil of tungsten carbide high-pressure apparatus. Samples
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FIG. 1. Typical XRD patterns for AM samples of %3.84
(Fe.Cu,_,)BaSrYCyOy,, 5 system. o
<381
were quenched from high temperature quickly by cutting off )

the furnace power before releasing the high pres&uraese 3.78 P ——

0.0 0.2 0.4 0.6 0.8 1.0
samples were labeled as HP sample. x (content of Fe)

FIG. 2. Lattice parametems b, ¢c and unit-cell volume/ vsx in
(FeCu,_,)BaSrYCy0O,, 5 system for AM samples.

The phase and structure of these samples were character-
ized by powder x-ray diffraction’XRD) analysis on an contentx, which displays a linear depression. These results
MXP18A-HF-type diffractometer with Cu-Kradiation. Al are similar to those of (R€u; _,)Ba,YCu,07, 5 system.
investigated samples exhibited single phase diagram.
PowderX Finax and Rietweld programs were used for B. Superconductivity of (Fe,Cu,_,)BaSrYCu,0, 5 prepared
lattice-parameter calculations. The data of dc magnetization by high-pressure synthesis
and electrical resistance were measured using a dc-SQUID
(superconducting quantum interference de)/m?gnetome? XRD patterns of (FECu; ) BaSrYCy0y,., 5 HP samples

ter (quantum design MPMS 5.5Tand standard four-probe indicate that all samplesx(varies from 0 to 1.pare still
technique respectively single phase after high-pressure synthesis. Figure 4 shows

T.(onset) vs Fe concentrationand magnetization vs tem-
perature curves obtained using zero field cooli@C)

B. Sample characterization

IIl. EXPERIMENTAL RESULTS mode under applied external magnetic field of 10 Oe, indi-
A. The structural change and superconductivity in 4
(Fe,Cu;_,)BaSrYCu,05, s synthesized by solid-state sope
reaction under ambient pressure i l = 0.00 ~ <
Figure 1 shows the XRD patterns of the 3} g;g oo e e~
(FeCuy,_,)BaSrYCyO,, s systems of AM samples x( o K . 0'30 4o "o N
=0-1.0), indicating that all samples are of single phase. £ l . 0'35 20l ~ ~
Figure 2 shows the changes of lattice parameters. With théX oL K )
increasing of Fe concentratior, lattice parametem in- E '-,. 055 X 02 0:3\
creases an decreases, and a structural transition undergoes - Fe content x
from orthorhombic to tetragonal at Fe concentratign 1 \
~0.15, afterwards lattice parameteincreases slightly. The i
lattice parametec always decreases whereas unit-cell vol-
umeV increases with the increasimxg Figure 3 shows some JJ : H
typical curves of resistivity vs temperature, which indicates O} "I - .

that the substitution of Fe atoms suppresses the electric cor
ductance and superconductivity for the AM samples, when
x>0.3, all samples become nonsuperconducting and exhibit
semiconducting behavior iR-T curves. The inset is the de- FIG. 3. Typical R-T curves and T, vs X in
pendence of superconducting transition temperature on HgeCu,_,)BaSrYCy0,, 5 system for AM samples.
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FIG. 4. M-T curves obtained using ZFC mode under the applied
field of 10 Oe for HP samples of (Feu,;_,)BaSrYCyO,, s sys- FIG. 6. XRD patterns of AM sample and HP sample dd
tem; insert showd; vs x. and M-T (applied field of 100g curves of HP sample of

FeysClp sBaYCU,07, 5.
cating that all samples exhibit superconductivity and the
samples withx=0.35—-0.6 have relatively high supercon- AM sample and HP sampl&k-T and M-T curves of HP

ducting transition temperaturg, and high superconducting iaéngée?.O(';f;ennLaétlzci 1%%?{2?25 \fl\%”eH]f; " i\al\;lnggem&f

volume fractionV,,. Typical curves of the dependence of a=0.3871(3) nm.c=1.1671(5) nm. From th&-T curve
resistivity and  magnefization on temperatur'e .forthe superconducting transition temperatuiie(onset) is

Fey sClosBaSIYCyO;. 5 superconductor are shown in Fig. g4 ot 83 KK and’ .(zero) is at 63 K. From the ZFC and FC

5, it can be calculated from the ZFC and FC curves that the, s it can be calculated that the superconducting shielding
superconducting shielding volume fraction is 48% and th&,q|yme fraction is 55% and the Meissner volume fraction is
Meissner volume fraction is 31% at 10 K by the relationshipsoos at 10 K.

of V,=(4wmpM/H), wherep is the density of sample in

g/cn?, M is mass magnetization in emu/g using ZFC and FC D. Fey sCug 5Sr,YCu,0, 5 superconductor

data, respectively, an# is the applied magnetic field in The synthesis and crystal structure of F&U,0,, 5
oersted. superconductor have been reported by Shimoyanal.
and  Mochiku etal®®?” This suggests that
Fey sCuy 55K YCu, 05, s superconductor might be obtained.
. . It has been known thaR-123 or 1212 phase can not be

As mentioned previously, the FgCuBaYCUW,07.5  prepared by solid-state reaction under ambient pressure in
sample prepared by solid-state reaction in air is semicondugz_s,.cy-0 systems. However, in (f&u,_,)SLYCu,0. 5
tor. While afte_r high_—pressure synthesis, this sample becom%g,stem' single phase 6€u,F8-1212 phase can be obtained
superconducting. Figure 6 presents the XRD patterns of thgecause this phase can be stabilized by the substitution of Fe
for Cu.

The F@sCuySrLYCu,0;, s sample prepared under
ambient pressure is not superconducting, but after high-
pressure synthesis, the sample becomes superconducting.
This suggests that the origin of superconductivity in
-4-0.02 FeysCuUysSLYCU,O7, 5 is  similar  to  that in
FeysCly sBaSrYCyO;, s and FgsClysBaYCu,074 5 Su-
perconductors of HP samples. XRD patterns &hd curve
of Fe, Cuy 55K, YCuU,05, s superconductor are shown in Fig.
1004 7, the T (onset) is about 77 K, and the sample is nearly
single phase. The lattice parameters for HP sampleaare
=0.3859(4) nm,c=1.1602(5) nm, while for AM sample,
(Fe,sCu,,)BaSIYCu, 0, | o a=0.3871(3) nmc=1.1669(5) nm.

0 20 40 60 80 100 120 E. The annealing experiments of Fg:Cuy sBaSrYCu,07, 5
Temperature (K) superconductor

FIG. 5. TypicalR-T andM-T curves under the applied field of The oxygen content in the FegCuysBaSrYCyO;, s
10 Oe for Fg:CuysBaSrYCy0,., s HP sample superconductor. ~ samples prepared by solid-state reaction under ambient pres-

C. FeysCugsBa, YCuU,07.4 5 superconductor

40.00

-
o
T

R/ R3OOK
M (emu/g)

00

014507-3



REN, CHE, NI, DONG, CHEN, JIA, AND ZHAO PHYSICAL REVIEW B59, 014507 (2004

Fe, Cu, sBaSrYCuzO_, 5
1. Ambient Pressure Sample
High Pressure 2. High Pressure Sample
A‘ Annealed HP Samples:
/- 3.210°C 2h g
4.290°C 2h o
5.400°C 2h
Ambient Pressure 6.700°C 2h b=
7.900°C 2h «

8.925°C 60h

20 30 40 50 60 70 80
26 (degree)

0.01f
=) ~..
2 0.00f ; Sesesecn
3 FC
S001f - e

-0.02 .-'°.ZFC (Feo.scuo.s)srzYcuzom ] P

0 50 100 150 200 250 300
Temperature (K)
FIG. 7. XRD patterns of AM sample and HP sample del
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sure and high-pressure synthesis were determined by a voly- FIG- 9. Local region XRD patterns of 5&Ctp sBaSrYCy0Oy., 5
metric method=2 The principle of this method is to dissolve AM sample and HP sample annealed at different temperatures.
the sample in diluted hydrochloric acid, according to the lib- . L _

erated oxygen volume, the oxygen content is calculated. Thé90 °C, superconductivity in this sample was almost de-
obtained results are: 75=7.20(2) in AM sample and 7 Stroyed completely. The results of the annealed
+6=7.35(2) in HP sample. This indicates clearly that theF€.5ClosB&YCU;07, 5 superconductor are similar to these
oxygen content is increased by high-pressure synthesis. esults, which are shown in Fig(18.

A superconducting ReCu, BaSrYCuO, ., s sample with Figure 9 shows the local region XRD patterns (46°—48°
T.~60 K was annealed in air at 210, 290 400, 500, 700!n 26) of the Fg CuyBaSrYCyO;. ; AM sample and the
900, and 950 °C fo2 h step by step. annealed HP sample at different temperatures. After high-

Figure 8a) shows the magnetization vs temperaturePressure synthesis, the peaks@d6 and(200 shift to high
curves of the annealed &€u, BaSrYCyO, . s HP sample angle degree and overlap each other, and with the increase of
indicating that the superconducting transition temperafiyre annealing temperature, the peaks shift to low angle degree
and superconducting volume fraction decrease rapidly wittf92in. When the annealing temperature is higher than
the increase of annealing temperature, and the sample b&00 °C, the positions of the peaks are nearly constant within
came nonsuperconducting when annealing temperature wef&Perimental error, indicating that lattice parameteesdc

higher than 500 °C, and even after annealed under as low Slop increasing. It means that the extra oxygen introduced by
high-pressure synthesis is liberated almost completely at

400 °C. As a result, the annealed sample becomes nonsuper-

0_00'_ o.oo'. conducting. When temperature is higher than 500 °C, the

- (@) - v (b) main role of the annealing is the improvement of lattice dis-
001 & 3 001 I ) 3 tortion, homogenizing, and the increase of crystal grain size,
o - v 4 0o 002 il [ 1006 which makes the peaks narrower and malds) and (200

s | A“o 5 | s . peaks gradually apart from each other.
5 3 L ]
E 003 | aasat E o3| a e
~— * ~ | L3
E 004k ° . HPSample E 004} [ ::sﬁams IV DlSCUSSlONS
. annealed after: . ann after: . .

- .,.'. 4 210°C2h . s 210°C2h A well-known fact inR-123 phase superconductors is that
osr * . 53222 haddi T igggi: the superconductors with higher oxygen content have smaller
ooe. <« 500°C 2h 006‘ <« 500°C2h lattice parametera and c. This phenomenon was also ob-

[ rFe,cupasrvcuo, | & Fe cCu Baycuo, served in the YSCu, Fe, 807, superconductd? and in
007 Lt L . ' .07 Lo L L | FeSkYCu,O,. 5 superconductdf obtained by high oxygen
0 T 40 80 120 0 40 80 120 pressure synthesis. In these superconductors, the diffraction
emperature (K) Temperature (K)

peaks of(006) and (200 shift systematically to higher angle
FIG. 8. (a) M-T curves obtained using ZFC mode under applieddegree with the increase of oxygen content, which is similar
field of 10 Oe for FgLCu, BaSrYCuyO,, s superconductor an- to our results. All our HP samples have smaller lattice pa-
nealed at different temperature@) For Fe «Cu,BaYCu,0,, s rametersa andc than the corresponding AM samples, and
superconductor annealed at different temperatures. the lattice unit cell of HP samples displays an obvious
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shrinkage. Since the relative shrinkage is not much biggesharply. The local region XRD patterns in Fig. 9 indicated
than other samples annealed under high oxygen pressure, atfdt the lattice parameters increased rapidly with the increase
also for that FeSi¥Cu,05 s sample can be made supercon- of annealing temperature below 400 °C, which suggested the
ducting without high-pressure synthesis. Thereby this shrinkrelease of oxygen content, and this was the main reason for
age can be attributed to the increase of oxygen content, bifie loss of superconductivity.

not the pressure effect caused by the high-pressure synthesisAfter the  discovery —of FeS¥Cu,0;., and
procedure. Then it can be deduced that in allF&sClosBaSrYCyO,. ; superconductors, there is a doubt
Fey £Clp 5(Bay_,St),YCU,0,, 5 samples the oxygen con- that the superconductivity in these superconductors is possi-
tent increased after high-pressure synthesis, which is valRy from YBa&,Cus07_5, YBaSrCyO;_; or YSLC,0O7 5
dated by the oxygen content measurement irghase formed by phase segregation. It is known that

: Sr,CuO;_ 5 superconductor witff,.=30-80 K can be ob-
Fe, sCuy sBaSrYCy0,, s system where ¥ increased > 2 =8 =0k c ™ :
from 7.202) in AM sample to 7.38) in HP sample. The tained also by high-pressure synthesis and its superconduc-

increased oxygen content provided the required charg jvity disappears after heat treating at 300—500 °C. Although

which made the semiconductinglike AM samples change tge smgle phase of XRD pattern results and high supercon-
superconducting HP samples ducting volume fraction of these superconductors have ex-

o : - cluded these disputes the achievement of
The diffusion of Fe atom into CuQplanes inR-123 sys- ’ N
tems is believed to be very unfavorable for superconductivit &.5ClUBaYCU07, ; superconductor and the similarity

because of its magnetic moment, and with the increase of F%f its superconductivity to those of kg, BaSrYCyOy. 5

concentration, this diffusion is inevitable in samples syn'[he-and F@.5Clp sSKLYCL0;. 5 syperconductors gllmlnate this .
sized by common solid-state reactihShimoyamaet al2° d.o.ubt. The annealing experiments also eliminate the possi-
used a complex annealing procedure which is believed tg'“ty that th.e superconductivity in eCly s82,YCU,07. 5
suppress the incorporation of Fe to the Guf@lanes in HP_sampIe IS _frqm YBZLU,0;_ ; phase due to phase Segre-
FeSEYCu,0, . 5 system, and finally made it superconduct- gation, since it is well known that the superqonductlwty in
ing with T.~60 K. Using neutron powder diffraction stud- YBa,Cu;0;.- 5 cannot kge destroyed by annealing at the tem-
ies, Mochikuet al?’ investigated the site mixing between Fe PErature of 200-500°C and thk, of ;EaZC%OFﬁ ob-
and Cu atoms in FegYCu,O;, s samples synthesized tained by high-pressure synthes_ls Is 9 _K'
through different procedures, and proved that simply increas- Th? d|scovery of these heavily SUbSt'tUt.Ed superconduct-
ing the oxygen content could not produce superconductivit)?rS W'.th magnetic metgl of Fe atoms provides platforms to
and the ordered distribution of Fe and Cu atoms betweef[!Vestigate the mechanism of high-temperature superconduc-
Cu(l) and Cu2) sites is also one of the key points to the fuwty anq the correlation of magnetism a_nd superconductlv—
origin of superconductivity. In our heavily Fe-dopBe1212 ity, and_lt seems that we negd_ to reconsider the influence of
systems, high-pressure synthesis procedure is believed fgagnetism on superconductivity.
promote the transfer of Fe atoms from (@usite to Cy1l)
site, and to make almost all the Fe atoms occupy thel)Cu
chain site. This redistribution of Fe atoms is a needed re- Three kinds of superconductors with high Fe concentra-
quirement to ensure the occurrence of superconductivityion Fg, sCu, sBayYCu,05, 5, F& CuysBaSrYCyO; . s and
while the increase of oxygen content provides the neede#g, sCu, sSrLYCu,O7, s were successfully prepared by solid-
amount of charge. state reaction and high-pressure synthesis. The high-pressure
The annealing experiments of f#€u, sBaSrYCyO;, s  synthesis resulted in the increase of oxygen content and re-
and FgCusBaYCu,0;, s superconductors indicate distribution of Fe and Cu atoms between(Quand Cy2)
clearly that the concentration of oxygen content affects susites, which are two key factors for the occurrence of super-
perconductivity in HP samples directly. Since annealed undeconductivity. The annealing experimental results indicate
the temperature as low as 290 °C during a short time of 2 hthese clearly and eliminate the doubt of superconductivity
the occupation site of Fe atoms could not be changed, butlative to possible secondary phase of ¥BaO;_;,
superconductivity in these superconductors was destroyedBaSrCy0O;_ 5 or YSr,Cu;O;_ 5 superconductors.

V. CONCLUSIONS
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