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Fe0.5Cu0.5„Ba1ÀxSrx…2YCu2O7¿d „xÄ0, 0.5, and 1… superconductors prepared
by high-pressure synthesis
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In this paper, the Fe-containing superconductors Fe0.5Cu0.5Ba2YCu2O71d , Fe0.5Cu0.5BaSrYCu2O71d , and
Fe0.5Cu0.5Sr2YCu2O71d were successfully prepared by common solid-state reaction followed with a procedure
of high pressure synthesis. The structural change and superconducting properties in
(FexCu12x)BaSrYCu2O71d (x5021.0) systems were also investigated. Annealing experiments indicate that
the occurrence of superconductivity in Fe0.5Cu0.5(Ba12xSrx)2YCu2O71d (x50, 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 Cu~1! and Cu~2! sites, but not from possible secondary phase of
YBa2Cu3O72d , YBaSrCu3O72d or YSr2Cu3O72d superconductors.
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I. INTRODUCTION

It is well known that YBa2(Cu12xMx)3O61d (M5Fe and
Co! systems@we denote it as (FexCu12x)Ba2YCu2O71d]
have been extensively investigated for providing informat
about the mechanism of superconductivity and understa
ing the correlation among superconductivity, magnetism,
crystal structure in high-temperature ceram
superconductors.1–16 The main conclusions concerning i
crystal structure and superconducting properties are as
lows:

~a! In undoped YBa2Cu3O72d superconductor, there ar
two different structural Cu sites: Cu~1! and Cu~2!. The Cu~1!
site has a square planar oxygen coordination and forms C
chain, and the Cu~2! site has a fivefold pyramidal coordina
tion of oxygen and forms CuO2 plane. There is strong evi
dence from neutron-diffraction results that Cu~1! sites are the
preferred occupation sites for Fe and Co atoms in substit
(FexCu12x)Ba2YCu2O71d compound.1–5

~b! Neutron and x-ray diffraction analysis indicate th
(FexCu12x)Ba2YCu2O71d undergoes a structural phase tra
sition from orthorhombic to tetragonal at Fe concentrat
x;0.12–0.15.6–8 Electron microscopy observations indica
that the microstructure of (FexCu12x)Ba2YCu2O71d evolves
as the Fe concentration changes.9–13

~c! The superconducting transition temperatureTc , de-
creases with the increasing Fe concentrationx, when x ex-
ceeds 0.3, superconductivity disappears completely.1,13,14,16

~d! The oxygen content, 71d, in
(FexCu12x)Ba2YCu2O71d , increases with the increasing F
concentration due to the higher valence of Fe.1,13,15

In previous studies, several groups17–23 have reported su
perconductivity in YSr2Cu32xMxO61d compounds with Fe
~or Co! light substitution, but the heavily substituted com
pounds (x.0.3) did not exhibit superconductivity
Denetial24 observed superconductivity withTc;30–50 K in
Fe~Co or Ti!-dopedR-123 phase YSr2FexCu12xO61d with
x50.3, while atx.0.3, superconductivity could not be ob
served. Shi et al.25 improved the superconductivity o
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YSr2Cu2.7Fe0.3O71d compound by high-pressure oxyge
annealing, Tc reaches 60 K and a shielding fractio
of nearly 100% is achieved. Recently Shimoyamaet al.26

prepared FeSr2YCu2O71d superconductor withTc;60 K
using a complex synthesis procedure and Mochikuet al.27

determined the crystal structure of this supe
conductor by neutron powder diffraction studies. Besid
some Fe-containing oxides with perovskite structu
such as (Pb0.5Fe0.5)Sr2(Y0.5Ca0.5)Cu2O7,28

BaR(Cu0.51xFe0.52x)2O51d (R5Y, Sm!,29–31

Bi2Sr3Fe2Ox ,32 BaYCuFeO5,33 etc. have also been reporte
but none of these compounds are superconducting.

We have prepared a Fe-containing cuprate supercondu
Fe0.5Cu0.5BaSrYCu2O71d with Tc;77 K in the year 2000 by
solid-state reaction and high pressure synthesis. The pre
nary results of this superconductor have been reported.34 Af-
ter that, the studies of Fe-containing superconductors w
developed and superconductors of Fe0.5Cu0.5Ba2YCu2O71d
and Fe0.5Cu0.5Sr2YCu2O71d were successfully prepared. I
this paper, the preparation, superconductivity, structure,
the results related to these superconductors are present

II. EXPERIMENT

A. Sample preparation

The predried Y2O3, BaCO3, SrCO3, Fe2O3, and CuO
powders of 99.99% purity were used as the starting mat
als. The powders with the stoichiometric composition
Fe0.5Cu0.5(Ba12xSrx)2YCu2O71d (x50, 0.5, and 1.0! were
mixed, ground thoroughly, and calcined twice at 925 °C
60 h in air with intermediate grinding. The products we
pressed into pellets, and calcined again at 925 °C for 6
and cooled down to room temperature at the rate of 30
per hour in air. These samples prepared by the comm
solid-state reaction procedure were labeled as AM samp

The AM-sample powders were oxygenated under h
pressure of 6 GPa at 1000 °C for 0.5 h by the addition o
wt.% KClO4 ~which was used as an oxygen source! in a six
anvil of tungsten carbide high-pressure apparatus. Sam
©2004 The American Physical Society07-1
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were quenched from high temperature quickly by cutting
the furnace power before releasing the high pressure.34 These
samples were labeled as HP sample.

B. Sample characterization

The phase and structure of these samples were chara
ized by powder x-ray diffraction~XRD! analysis on an
MXP18A-HF-type diffractometer with Cu-Ka radiation. All
investigated samples exhibited single phase diagr
PowderX, Finax and Rietweld programs were used fo
lattice-parameter calculations. The data of dc magnetiza
and electrical resistance were measured using a dc-SQ
~superconducting quantum interference device! magnetome-
ter ~quantum design MPMS 5.5T! and standard four-prob
technique respectively.

III. EXPERIMENTAL RESULTS

A. The structural change and superconductivity in
„FexCu1Àx…BaSrYCu2O7¿d synthesized by solid-state

reaction under ambient pressure

Figure 1 shows the XRD patterns of th
(FexCu12x)BaSrYCu2O71d systems of AM samples (x
50 –1.0), indicating that all samples are of single pha
Figure 2 shows the changes of lattice parameters. With
increasing of Fe concentrationx, lattice parametera in-
creases andb decreases, and a structural transition underg
from orthorhombic to tetragonal at Fe concentrationx
;0.15, afterwards lattice parametera increases slightly. The
lattice parameterc always decreases whereas unit-cell v
umeV increases with the increasingx. Figure 3 shows some
typical curves of resistivity vs temperature, which indica
that the substitution of Fe atoms suppresses the electric
ductance and superconductivity for the AM samples, wh
x.0.3, all samples become nonsuperconducting and ex
semiconducting behavior inR-T curves. The inset is the de
pendence of superconducting transition temperature on

FIG. 1. Typical XRD patterns for AM samples o
(FexCu12x)BaSrYCu2O71d system.
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contentx, which displays a linear depression. These res
are similar to those of (FexCu12x)Ba2YCu2O71d system.

B. Superconductivity of „FexCu1Àx…BaSrYCu2O7¿d prepared
by high-pressure synthesis

XRD patterns of (FexCu12x)BaSrYCu2O71d HP samples
indicate that all samples (x varies from 0 to 1.0! are still
single phase after high-pressure synthesis. Figure 4 sh
Tc(onset) vs Fe concentrationx and magnetization vs tem
perature curves obtained using zero field cooling~ZFC!
mode under applied external magnetic field of 10 Oe, in

FIG. 2. Lattice parametersa, b, c and unit-cell volumeV vs x in
(FexCu12x)BaSrYCu2O71d system for AM samples.

FIG. 3. Typical R-T curves and Tc vs x in
(FexCu12x)BaSrYCu2O71d system for AM samples.
7-2
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cating that all samples exhibit superconductivity and
samples withx50.35–0.6 have relatively high superco
ducting transition temperatureTc and high superconductin
volume fractionVm . Typical curves of the dependence
resistivity and magnetization on temperature
Fe0.5Cu0.5BaSrYCu2O71d superconductor are shown in Fig
5, it can be calculated from the ZFC and FC curves that
superconducting shielding volume fraction is 48% and
Meissner volume fraction is 31% at 10 K by the relationsh
of Vm5(4prM /H), where r is the density of sample in
g/cm3, M is mass magnetization in emu/g using ZFC and
data, respectively, andH is the applied magnetic field in
oersted.

C. Fe0.5Cu0.5Ba2YCu2O7¿d superconductor

As mentioned previously, the Fe0.5Cu0.5Ba2YCu2O71d
sample prepared by solid-state reaction in air is semicond
tor. While after high-pressure synthesis, this sample beco
superconducting. Figure 6 presents the XRD patterns of

FIG. 4. M -T curves obtained using ZFC mode under the appl
field of 10 Oe for HP samples of (FexCu12x)BaSrYCu2O71d sys-
tem; insert showsTc vs x.

FIG. 5. TypicalR-T andM -T curves under the applied field o
10 Oe for Fe0.5Cu0.5BaSrYCu2O71d HP sample superconductor.
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AM sample and HP sample,R-T and M -T curves of HP
sample. The lattice parameters for HP sample area
50.3870(3) nm,c51.1601(5) nm, while for AM sample
a50.3871(3) nm,c51.1671(5) nm. From theR-T curve,
the superconducting transition temperature,Tc(onset) is
found at 83 K andTc(zero) is at 63 K. From the ZFC and FC
curves it can be calculated that the superconducting shiel
volume fraction is 55% and the Meissner volume fraction
22% at 10 K.

D. Fe0.5Cu0.5Sr2YCu2O7¿d superconductor

The synthesis and crystal structure of FeSr2YCu2O71d
superconductor have been reported by Shimoyamaet al.
and Mochiku et al.26,27 This suggests tha
Fe0.5Cu0.5Sr2YCu2O71d superconductor might be obtaine
It has been known thatR-123 or 1212 phase can not b
prepared by solid-state reaction under ambient pressur
R-Sr-Cu-O systems. However, in (FexCu12x)Sr2YCu2O71d
system, single phase of~Cu,Fe!-1212 phase can be obtaine
because this phase can be stabilized by the substitution o
for Cu.

The Fe0.5Cu0.5Sr2YCu2O71d sample prepared unde
ambient pressure is not superconducting, but after hi
pressure synthesis, the sample becomes supercondu
This suggests that the origin of superconductivity
Fe0.5Cu0.5Sr2YCu2O71d is similar to that in
Fe0.5Cu0.5BaSrYCu2O71d and Fe0.5Cu0.5Ba2YCu2O71d su-
perconductors of HP samples. XRD patterns andM -T curve
of Fe0.5Cu0.5Sr2YCu2O71d superconductor are shown in Fig
7, the Tc(onset) is about 77 K, and the sample is nea
single phase. The lattice parameters for HP sample ara
50.3859(4) nm,c51.1602(5) nm, while for AM sample
a50.3871(3) nm,c51.1669(5) nm.

E. The annealing experiments of Fe0.5Cu0.5BaSrYCu2O7¿d

superconductor

The oxygen content in the Fe0.5Cu0.5BaSrYCu2O71d
samples prepared by solid-state reaction under ambient p

d
FIG. 6. XRD patterns of AM sample and HP sample andR-T

and M -T ~applied field of 10Oe! curves of HP sample of
Fe0.5Cu0.5Ba2YCu2O71d .
7-3
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sure and high-pressure synthesis were determined by a v
metric method.13 The principle of this method is to dissolv
the sample in diluted hydrochloric acid, according to the l
erated oxygen volume, the oxygen content is calculated.
obtained results are: 71d57.20(2) in AM sample and 7
1d57.35(2) in HP sample. This indicates clearly that t
oxygen content is increased by high-pressure synthesis.

A superconducting Fe0.5Cu0.5BaSrYCu2O71d sample with
Tc;60 K was annealed in air at 210, 290 400, 500, 7
900, and 950 °C for 2 h step by step.

Figure 8~a! shows the magnetization vs temperatu
curves of the annealed Fe0.5Cu0.5BaSrYCu2O71d HP sample,
indicating that the superconducting transition temperatureTc
and superconducting volume fraction decrease rapidly w
the increase of annealing temperature, and the sample
came nonsuperconducting when annealing temperature
higher than 500 °C, and even after annealed under as lo

FIG. 7. XRD patterns of AM sample and HP sample andM -T
curves ~applied field of 10 Oe! of HP sample of
Fe0.5Cu0.5Sr2YCu2O71d .

FIG. 8. ~a! M -T curves obtained using ZFC mode under appl
field of 10 Oe for Fe0.5Cu0.5BaSrYCu2O71d superconductor an
nealed at different temperatures.~b! For Fe0.5Cu0.5Ba2YCu2O71d

superconductor annealed at different temperatures.
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290 °C, superconductivity in this sample was almost d
stroyed completely. The results of the annea
Fe0.5Cu0.5Ba2YCu2O71d superconductor are similar to thes
results, which are shown in Fig. 8~b!.

Figure 9 shows the local region XRD patterns (46° –4
in 2u) of the Fe0.5Cu0.5BaSrYCu2O71d AM sample and the
annealed HP sample at different temperatures. After hi
pressure synthesis, the peaks of~006! and~200! shift to high
angle degree and overlap each other, and with the increa
annealing temperature, the peaks shift to low angle deg
again. When the annealing temperature is higher t
400 °C, the positions of the peaks are nearly constant wi
experimental error, indicating that lattice parametersa andc
stop increasing. It means that the extra oxygen introduced
high-pressure synthesis is liberated almost completely
400 °C. As a result, the annealed sample becomes nonsu
conducting. When temperature is higher than 500 °C,
main role of the annealing is the improvement of lattice d
tortion, homogenizing, and the increase of crystal grain s
which makes the peaks narrower and makes~006! and~200!
peaks gradually apart from each other.

IV. DISCUSSIONS

A well-known fact inR-123 phase superconductors is th
the superconductors with higher oxygen content have sma
lattice parametersa and c. This phenomenon was also ob
served in the YSr2Cu2.7Fe0.3O71d superconductor25 and in
FeSr2YCu2O71d superconductor27 obtained by high oxygen
pressure synthesis. In these superconductors, the diffrac
peaks of~006! and~200! shift systematically to higher angl
degree with the increase of oxygen content, which is sim
to our results. All our HP samples have smaller lattice p
rametersa and c than the corresponding AM samples, an
the lattice unit cell of HP samples displays an obvio

FIG. 9. Local region XRD patterns of Fe0.5Cu0.5BaSrYCu2O71d

AM sample and HP sample annealed at different temperatures
7-4



g
,
n-
in

b
he
a
-
a
i

rg
t

vit
f
he

t-
-
e

d
a

vit
ee
e

d

u
re

vit
de

e
su
d

2
b
y

ed
ase
the
for

bt
ssi-

hat

duc-
gh
on-
ex-
of

y

s
ssi-

e-
in
m-

uct-
to

duc-
tiv-
e of

tra-

-
sure
re-

er-
ate
ity

cn

Fe0.5Cu0.5(Ba12xSrx)2YCu2O71d (x50, 0.5, AND 1! SUPERCONDUCTORS . . . PHYSICAL REVIEW B 69, 014507 ~2004!
shrinkage. Since the relative shrinkage is not much big
than other samples annealed under high oxygen pressure
also for that FeSr2YCu2O71d sample can be made superco
ducting without high-pressure synthesis. Thereby this shr
age can be attributed to the increase of oxygen content,
not the pressure effect caused by the high-pressure synt
procedure. Then it can be deduced that in
Fe0.5Cu0.5(Ba12xSrx)2YCu2O71d samples the oxygen con
tent increased after high-pressure synthesis, which is v
dated by the oxygen content measurement
Fe0.5Cu0.5BaSrYCu2O71d system where 71d increased
from 7.20~2! in AM sample to 7.35~2! in HP sample. The
increased oxygen content provided the required cha
which made the semiconductinglike AM samples change
superconducting HP samples.

The diffusion of Fe atom into CuO2 planes inR-123 sys-
tems is believed to be very unfavorable for superconducti
because of its magnetic moment, and with the increase o
concentration, this diffusion is inevitable in samples synt
sized by common solid-state reaction.36 Shimoyamaet al.26

used a complex annealing procedure which is believed
suppress the incorporation of Fe to the CuO2 planes in
FeSr2YCu2O71d system, and finally made it superconduc
ing with Tc;60 K. Using neutron powder diffraction stud
ies, Mochikuet al.27 investigated the site mixing between F
and Cu atoms in FeSr2YCu2O71d samples synthesize
through different procedures, and proved that simply incre
ing the oxygen content could not produce superconducti
and the ordered distribution of Fe and Cu atoms betw
Cu~1! and Cu~2! sites is also one of the key points to th
origin of superconductivity. In our heavily Fe-dopedR-1212
systems, high-pressure synthesis procedure is believe
promote the transfer of Fe atoms from Cu~2! site to Cu~1!
site, and to make almost all the Fe atoms occupy the C~1!
chain site. This redistribution of Fe atoms is a needed
quirement to ensure the occurrence of superconducti
while the increase of oxygen content provides the nee
amount of charge.

The annealing experiments of Fe0.5Cu0.5BaSrYCu2O71d
and Fe0.5Cu0.5Ba2YCu2O71d superconductors indicat
clearly that the concentration of oxygen content affects
perconductivity in HP samples directly. Since annealed un
the temperature as low as 290 °C during a short time of
the occupation site of Fe atoms could not be changed,
superconductivity in these superconductors was destro

*Corresponding author. Email address: renzhian@ssc.iphy.ac.
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sharply. The local region XRD patterns in Fig. 9 indicat
that the lattice parameters increased rapidly with the incre
of annealing temperature below 400 °C, which suggested
release of oxygen content, and this was the main reason
the loss of superconductivity.

After the discovery of FeSr2YCu2O71d and
Fe0.5Cu0.5BaSrYCu2O71d superconductors, there is a dou
that the superconductivity in these superconductors is po
bly from YBa2Cu3O72d , YBaSrCu3O72d or YSr2Cu3O72d
phase formed by phase segregation. It is known t
YSr2Cu3O72d superconductor withTc530–80 K can be ob-
tained also by high-pressure synthesis and its supercon
tivity disappears after heat treating at 300–500 °C. Althou
the single phase of XRD pattern results and high superc
ducting volume fraction of these superconductors have
cluded these disputes, the achievement
Fe0.5Cu0.5Ba2YCu2O71d superconductor and the similarit
of its superconductivity to those of Fe0.5Cu0.5BaSrYCu2O71d
and Fe0.5Cu0.5Sr2YCu2O71d superconductors eliminate thi
doubt. The annealing experiments also eliminate the po
bility that the superconductivity in Fe0.5Cu0.5Ba2YCu2O71d
HP sample is from YBa2Cu3O72d phase due to phase segr
gation, since it is well known that the superconductivity
YBa2Cu3O72d cannot be destroyed by annealing at the te
perature of 200–500 °C and theTc of YBa2Cu3O72d ob-
tained by high-pressure synthesis is 92 K.35

The discovery of these heavily substituted supercond
ors with magnetic metal of Fe atoms provides platforms
investigate the mechanism of high-temperature supercon
tivity and the correlation of magnetism and superconduc
ity, and it seems that we need to reconsider the influenc
magnetism on superconductivity.

V. CONCLUSIONS

Three kinds of superconductors with high Fe concen
tion Fe0.5Cu0.5Ba2YCu2O71d , Fe0.5Cu0.5BaSrYCu2O71d and
Fe0.5Cu0.5Sr2YCu2O71d were successfully prepared by solid
state reaction and high-pressure synthesis. The high-pres
synthesis resulted in the increase of oxygen content and
distribution of Fe and Cu atoms between Cu~1! and Cu~2!
sites, which are two key factors for the occurrence of sup
conductivity. The annealing experimental results indic
these clearly and eliminate the doubt of superconductiv
relative to possible secondary phase of YBa2Cu3O72d ,
YBaSrCu3O72d or YSr2Cu3O72d superconductors.
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