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To unveil the structural mechanisms associated withTc variations induced by either mechanical or chemical
pressure, samples of the Y(Ba12xSrx)2Cu3Ow system withx<0,0.02,0.1,0.25,0.35,0.5,0.625,0.75,1, as well as
those withx50.5 andw56.685,6.80,6.96,6.98, have been prepared and characterized. Characterization in-
cludes crystal structural refinements based on powder neutron diffraction data taken at room temperature,
electron microscopy for detecting a possible Ba/Sr ordering, and resistive and magnetic measurements of the
superconducting transition. The effects of Sr substitution on the structural parameters are equivalent to those of
a pressure of approximately 10 GPa/x. The main difference is the thickness of the superconducting block
CuO2-Y-CuO2, which increases with increasingx and decreases with increasing pressure. As a consequence of

the displacement of O4 from the~0,1
2,0! to the (x, 1

2 ,0) position, the Ba/Sr-O4 distance decreases with increas-
ing Sr content. At constantw, Tc decreases at the rate of 20 K/x. For x.0, the maximum ofTc occurs at a
value ofw higher than forx50. Forx50.5 the thickness of the superconducting block increases with increas-
ing w and consequently with increasingTc . This indicates that, at least in this system, the thickness of the
superconducting block is not the key parameter controllingTc . The stress of the Ba/Sr and the Y sites,
estimated from the bond valence sums~BVSs!, decreases with increasingx. For x50.5, the BVS values are
almost equal to the formal values of 21 and 31, respectively. The average BVS of Cu1 and Cu2 increases
with increasingx. However, this does not correspond to a real increase because the total charge of the Cu
cations, as determined by iodometric titration or neutron diffraction, remains constant withx. Our analysis of
the structural data suggests that the relaxation of the Ba/Sr layer hinders the charge transfer from Cu1 to Cu2,
which accounts for the decrease ofTc with increasingx. @S0163-1829~98!05645-8#
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I. INTRODUCTION

In general, the application of mechanical pressure on
ered cuprates increasesTc at rates that depend on the chem
cal composition of each specific phase. In the case
YBa2Cu3Ow ~YBCO-123!, values ofdTc /dP ranging from
4–7 to 0–1 K/GPa have been reported forw'6.6 and
w.6.9, respectively.1 Structural refinements of YBa2Cu3Ow
with w56.93 and 6.6, as a function of pressure betwee
atm and 0.578 GPa, indicated that pressure-induced s
tural changes occur around the Cu2-apical oxygen bo2

However, it was not possible to relate these structu
changes to significant variations in the charge transfer
duced by pressure. Other experiments were carried ou
applying pressure to YBa2Cu3Ow ~Ref. 3! at different tem-
peratures. They allowed the authors to separate two pres
induced effects, one due to the chain oxygen ordering
the other to variations of the structural and electronic para
eters. In YBa2Cu3O6.7, dTc /dP values of 4.1 and 7.4 K/GP
have been reported for the oxygen ordering and the varia
PRB 580163-1829/98/58~22!/15208~10!/$15.00
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of the intrinsic parameters, respectively.
Reproduction by chemical substitutions of the structu

changes induced by mechanical pressure is considere
interesting tool for engineering increases ofTc . The most
direct method for reducing the interatomic distances with
altering the valence balance is substituting Sr for Ba. T
latter has an ionic radius smaller than the former and both
divalent. Thus the introduction of Sr would not alter the ho
concentration of the CuO2 layers. However, the introduction
of Sr in Y(Ba12xSrx)2Cu3Ow induces a decrease ofTc and
ultimately makes the 123 phase unstable. Single-ph
samples were obtained at ambient pressure up tox<0.5.4–7

The results reported by Odaet al.8 on the synthesis of
YSr2Cu3Ow (x51) have not been reproduced. To obtain th
phase it is necessary either to carry out the synth
under high pressure9 or to introduce a second substituent M
on the Cu1 site and synthesize samples such
YSr2~Cu2!2~Cu1!12yMeyOw .10

Similar behavior has been observed for the Hg-based
prates HgBa2Can21CunO212n1d . If Sr is substituted for
15 208 ©1998 The American Physical Society
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some of the Ba cations,Tc decreases11 and the synthesis o
single-phase materials necessitates the use of either
pressure12 or a second substituent with a valence greater t
2 on the Hg site.13 The lattice parameters of Sr-123 an
Sr-Hg12(n21)n decrease with respect to those of unsub
tuted materials in a way similar to that observed by apply
external pressure.14 The introduction of Sr induces simila
decreases ofTc in compounds as different as 123 and H
based ones; it would then be interesting to study these s
tures in detail in order to elucidate the structural mec
nisms associated with the decreases ofTc . Veal et al.5

reported, albeit incompletely, structural data for t
Y(Ba12xSrx)2Cu3Ow system. Other authors reported stru
tural refinements of compounds with a second substituen
the Cu1 sites, such as Cr,15 Re, Mo, and W.16 However, the
second substitution modifies significantly the original stru
ture.

In order to understand the difference between the effe
induced by chemical substitutions and those induced by
plying mechanical pressure, we synthesized and chara
ized samples of Y(Ba12xSrx)2Cu3Ow . The structural refine-
ments based on powder neutron diffraction data were car
out as a function ofx and, forx50.5, as a function ofw. The
electric and magnetic properties have also been meas
and correlated with the structural parameters and oxy
content. It seems that the Ba cations play an important rol
the highTc of YBCO. Its substitution with a smaller catio
corresponds to the application of a chemical pressure,
other important crystallographic features also change w
substitution and these changes seem to play a negative
on Tc .

II. EXPERIMENT

A. Sample preparation

Samples of Y(Ba12xSrx)2Cu3Ow ~with nominal x
50,0.02,0.1,0.25,0.35,0.5,0.625,0.75,1! were prepared by a
solid-state reaction of stoichiometric mixtures of Y2O3
~99.999%!, CuO ~99.99%!, BaCO3 ~99.99%!, and SrCO3
~99.99%!. In a few experiments (x50.75 and 1! SrO2 was
also used, but no significant improvements in the sys
reactivity were obtained. Reagents were mixed and gro
under acetone in agate mortars. The syntheses were ca
out in Al2O3 crucibles, in air at 950 °C for a total of 80–10
h, with several intermediate coolings and grindings. Re
tions were stopped when x-ray diffractograms did not rev
any difference after two consecutive treatments. Pellets
mg in weight and 1 cm in diameter, obtained by pressing
powders, were sintered in air at 950 °C overnight and coo
at a rate of 100 °C/h down to room temperature~R samples!.
Different annealing treatments were applied for varying
oxygen stoichiometryw. For theA samples,R pellets were
heated in flowing oxygen at 880 °C for 2 h, cooled at 30 °C
down to 480 °C, and maintained at this temperature for 5
100 h before being cooled down to room temperature.
the S samples, a fewA pellets were put in a quartz ampou
together with a 1-g pellet of SrO2. The ampoule~1 cm in
diameter, 10 cm long, 2–3 mm thick! was evacuated to
1025 torr, sealed, and heated up to 600 °C for 2 h in order to
decompose SrO2 and produce oxygen with a pressure
about 20–30 atm. The system was cooled down to 500
igh
n
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maintained at this temperature for 10 h, and then cooled
room temperature. For theG samples a fewR pellets were
sealed in a Pyrex ampoule together with a zirconium foil 2
cm high and of varying lengths. The ampoules were eva
ated down to 1025 torr, heated to 440 °C, maintained at th
temperature for 50–100 h, and cooled down to room te
perature. For a fixed ampoule volume and annealing te
perature, oxygen was gettered by Zr in amounts proportio
to the Zr surface, the number of pellets, and the duration
annealing. Details of the procedure are given in Ref. 17.

B. Characterization

The phase analysis and structural parameters were d
mined by x-ray diffraction. Patterns were recorded with
D500 Siemens diffractometer, using CuKa radiation. Cat-
ion stoichiometry in single-phase materials was assumed
incident with the nominal one.

Oxygen stoichiometry was determined by iodometric
tration with an amperometric dead-stop end point.18 For each
composition six to eight tests were carried out. The rep
ducibility of results was within 0.02 ml~titrant volume!, thus
resulting in a precision of about 0.005 oxygen/f.u.

Electric resistivity and magnetic susceptibility were me
sured as a function of temperature between 300 and 4.2 K
resistivity was determined by a four-point probe, in a close
cycle helium cryostat, by applying a pulsed current of 0.1
mA. For temperatures lower than'20 K, samples were di-
rectly dipped into liquid helium. Magnetic susceptibility wa
measured by a Lake Shore Model 7000 ac susceptom
Data were collected at a fixed frequency of 1 kHz and c
stant ac field amplitude (hac550mT) on bar-shaped speci
mens. This allowed us to compare measurements perfor
on similar sized samples. Calibration was performed usin
Gd2~SO4!3•H2O standard and demagnetization effects w
taken into account.

Powder neutron diffraction data on selected samples w
collected with the D2B diffractometer at Institute Max vo
Laue–Paul Langevin~Grenoble, France! in the high flux
mode. Data were refined by the Rietveld method in
orthorhombicPmmmspace group using theGSASrefinement
program. For all the Sr-substituted samples the thermal
rameter of O4, the mobile oxygen, was unrealistically larg
than those of other oxygen atoms in the structure. In the fi

refinement cycles O4 was placed at the (x, 1
2 ,0) position, in-

stead of~0,1
2,0!, andx was allowed to vary. Reasonable va

ues forx and the thermal parameters were obtained.
Electron microscopy analysis was carried out using

Philips CM microscope operating at 300 kV and equipp
with a Kevex system for energy dispersive spectrosco
~EDS! analysis. The samples were crushed in a mortar w
alcohol and the suspension was recovered onto an alumi
holey carbon grid. Electron diffraction patterns correspon
ing to different Ba-Sr ordering models were calculated
using theEMS software.19

III. RESULTS AND DISCUSSION

A. Phase characterization

Samples of Y(Ba12xSrx)2Cu3Ow with x<0.5 are single
phase as shown by x-ray and neutron diffraction data
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15 210 PRB 58F. LICCI et al.
powder neutron diffraction pattern of the sample w
x50.5 and w56.96 is shown as an example in Fig.
Samples withx50.625, 0.75, and 1 contain more than o
phase and the content of impurities increases withx. As
shown by x-ray diffraction, the sample corresponding to
nominal stoichiometry YSr2Cu3Ow appears to contain mainl
SrCuO2, Y2SrO4, and possible traces of Sr142xYxCu24O41.
The typical reflections of the phase 123 (x51), as reported
in the literature,9,10 are not present. The pattern of the sam
with x50.75 contains the reflections of 123 together w
those of Sr2CuO3. The reflections of Y2SrO4, observed in the
pattern corresponding tox51, are not detectable and it is no
clear whether the reflections of SrCuO2 and
Sr142xYxCu24O41 are present. The sample withx50.625
contains mainly the 123 phase. The reflections of second
phases are weak and, except for that atd'2.87 belonging to
Sr2CuO3, they cannot be attributed with certainty to an
known phase. In the impurity phases Ba and Sr form so
solutions as well, which makes it difficult to identify them b
comparison with unsubstituted phases. For thex50.625
sample the sections in the diffraction pattern correspond
to the impurities were eliminated from the refinements. A
of the qualitatively identified phases in the powder pattern
reported in Table I as a function ofx. The results are in
reasonable agreement with those of Rothet al.7

B. Structural refinements as a function ofx „w>6.9…

The final results of the structural refinements are given
Tables II and III as a function of the Sr and O conten
respectively. The atoms are identified as shown in Fig. 2
according to Ref. 20.

The oxygen stoichiometries determined by iodometric
trationwj are reported in the same tables. In general, they

FIG. 1. Powder neutron diffraction pattern of YBaSrCu3O6.96

(l51.5943 Å).
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in good agreement with those determined by structural
finements based on neutron diffraction datawn , given by
the sum of the occupation parameters of O4 and O5 s
wn561nO41nO5, also shown in Tables II and III. The larg
est discrepancy betweenwj and wn , corresponding to 0.15
units in oxygen stoichiometry, is in thex50.625 sample; this
could be attributed to the presence of impurities, wh
makes the iodometric titration results less reliable than th
obtained by neutron diffraction.

All refined structures of Y(Ba12xSrx)2Cu3Ow with x
<0.625 and w>6.685 are orthorhombic~space group
Pmmm!. The strain, defined asS52(b2a)/(b1a), is a
nonlinear function ofx. For 0<x<0.5, the orthorhombic
strain in Y(Ba12xSrx)2Cu3Ow increases withx and is greater
than in YBa2Cu3Ow . On the contrary, the strain for the pha
with x50.625 is slightly smaller than that corresponding
the phase withx50, indicating that, as a function ofx, the
strain goes through a maximum. This is due to the differ
rates with whicha and b vary with x. Figure 3 shows the
variation of the lattice parametersa, b, andc and the strainS
as a function ofx. Theb parameter decreases linearly withx.
The parametera decreases too, but not linearly. This d
crease is mainly due to the shortening of the Ba/Sr-O4 bo
with x, which decrease more rapidly than the Cu1-O4 bo
The shortening of the latter is responsible for the decreas
b. For small values ofx the decrease ofa is steeper than tha
of b and this results in the increase of the strain. For a furt
increase ofx, however, the occupancy factor of the O5 si
situated as O4 in the basal plane, increases~see Table II!.
This occupation attenuates the decrease ofa since the sur-
roundings of the Sr cations with respect to the basal pl
becomes less anisotropic. The attenuation results in the
crease of the strain and a maximum is observed betw
x50.25 and 0.5~see Fig. 3!. The strain calculated with th
present data is somewhat different from that reported
Veal et al. for a sample withx50.5.5 From the results of the
x50.5 sample as a function ofw ~see Table III! it can be
deduced that the data of Vealet al. might correspond to a
phase with an oxygen content lower than 6.9.

The nonlinearity of theS vs x curve does not allow us to
evaluate the Sr concentration at which the phase beco
tetragonal forw>6.9. The YSr2Cu3Ow phase (w'7) re-
ported by Okai9 is tetragonal as YSr2ReyCu32yOw with a
small Re content (y'0.15).10,21

No variation as a function ofx was found for the buckling
of the Cu2 squares. The Cu2-O2-Cu2 and Cu2-O3-C
angles remain constant within one or two standard deviat
at about 163.0° and 164.5°, respectively.

Table IV shows the variations of some structural para
eters ~DP! for a given Sr content intervalDx normalized
to the same parameter value atx50, Px50
ible
ible
TABLE I. Qualitative x-ray phase analysis in Y(Ba12xSrx)2Cu3Ow , as a function ofx.

nominalx

Phases

123 ~Sr,Y!14Cu24O41 Sr2CuO3 SrCuO2 Y2SrO4 Y2Cu2O5 Y2O3

0.625 '90% possible trace no no no no
0.75 <50% possible present possible possible possible poss
1 no present possible present present possible poss
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TABLE II. Structural parameters of Y(Ba12xSrx)2Cu3Ow as a function ofx for w>6.90. Rietveld refine-

ments were done in the orthorhombicPmmmspace group. Atom positions are Y~1
2,

1
2,

1
2!, Ba/Sr(12 , 1

2 ,z),

Cu1~0,0,0!, Cu2(0,0,z), O1(0,0,z), O2(1
2 ,0,z), O3(0,12 ,z), O4(x, 1

2 ,0), and O5~1
2,0,0!. Numbers in paren-

theses are statistical standard deviations of the last significant digit.

Compound x50a x50.25 x50.5 x50.625

Y B(A) 0.28~3! 0.31~6! 0.34~6! 0.51~10!

Ba/Sr z 0.1843~2! 0.184 53~23! 0.184 43~24! 0.1863~4!

B(A) 0.44~3! 0.55~6! 0.84~7! 0.80~11!

Cu1 B(A) 0.41~3! 0.41~6! 0.68~7! 0.35~11!

Cu2 z 0.3556~1! 0.353 64~16! 0.352 09~17! 0.352 33~27!

B(A) 0.20~2! 0.33~5! 0.39~5! 0.29~8!

O1 z 0.1590~2! 0.158 89~23! 0.159 52~27! 0.1580~5!

U11 0.009~1! 0.0320~3! 0.0408~4! 0.0134~9!

U22 0.007~1! 0.0119~2! 0.0225~3! 0.0040~6!

U33 0.010~1! 0.0013~1! 0.0008~2! 0.0094~5!

n 2.06~2!

O2 z 0.3779~2! 0.377 78~22! 0.376 70~24! 0.3742~4!

B(A) 0.51~4! 0.47~6! 0.47~7! 0.43~11!

O3 z 0.3790~2! 0.376 37~24! 0.374 58~26! 0.3756~4!

B(A) 0.35~3! 0.30~6! 0.37~7! 0.28~11!

O4 x 0.0399~13! 0.0572~30! 0.052~7!

U11 0.022~3! 0.0259~5! 0.0365~8! 0.1954~37!

U22 20.001~2! 0.0259~5! 0.0365~8! 0.1954~37!

U33 0.019~2! 0.0259~5! 0.0365~8! 0.1954~37!

n 0.9 0.934~9! 0.868~10! 0.972~18!

O5 n 0.03~1! 0.044~9! 0.085~10! 0.098~16!

a ~Å! 3.8227~1! 3.799 76~8! 3.785 26~9! 3.783 97~17!

b ~Å! 3.8872~2! 3.870 28~10! 3.853 13~11! 3.845 16~21!

c ~Å! 11.6802~2! 11.621 45~29! 11.562 00~30! 11.539 96~53!

V ~Å3! 173.56 170.9064~71! 168.6328~77! 167.9062~143!
Cu2-O2~Å! 1.9290 1.9205~4! 1.9139~5! 1.9088~7!

Cu2-O3~Å! 1.9627 1.9531~4! 1.9440~5! 1.9413~8!

Cu2-O1~Å! 2.29632 2.2633~30! 2.2265~34! 2.243~6!

Cu1-O1~Å! 1.8571 1.8465~27! 1.8444~31! 1.823~6!

Ba/Sr-O1~Å! 2.7418 2.7282~4! 2.7160~5! 2.7171~9!

Cu2-Cu2~Å! 3.3732 3.401 83~32! 3.420 27~34! 3.4082~54!

Rwp (%)/Rexpt (%) 5.96/3.33 6.63/5.1 6.85/5.27 7.55/6.03
(b2a)/(b1a)3103 8.366 9.194 8.886 8.021
wj ~iodometric! 6.93 6.95 6.96 6.92
wn ~neutron! 6.98 6.95 7.07

aData from Jorgensenet al. ~Ref. 24!.
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@DP/Dx)/P0(x21)]. If compared with the values o
Jorgensenet al.,2 which correspond to the variations induce
by external pressure in the YBa2Cu3O6.93 structure
@DP/DP)/PP5amb(P21)], the values of Table IV indicate
the following.

~i! the complete substitution of Ba with Sr (x51) would
induce a variation~extrapolated value! of the lattice param-
eters equivalent to the application of an external pressur
about 10 GPa.

~ii ! the contraction of the three parameters resulting fr
the application of the chemical pressure is almost isotro
along the three directions, whereas that induced by exte
pressure is highly anisotropic. The pressure-induced cont
tion along thec axis is twice as much as that observed alo
the other two axis.
of

ic
al
c-

g

~iii ! The Cu2-O1 distance, that is, the distance from
Cu of the pyramids and the apical oxygen O1, decreases
increasing Sr. This reduction is three times greater than
of the c axis „@D(Cu2-O1)/Dx#/(Cu2-O1)x505260
31023 against (Dc/Dx)/cx50522031023

…. The Cu1-O1
distance decreases slightly and the coeffici
„@D(Cu1-O1)/Dx#/(Cu1-O1)x50… is smaller than that corre
sponding to thec axis (213.731023 against220.231023!.
As a function of external pressure, the Cu2-O1 distance
creases as thec axis does, whereas the Cu1-O1 distance a
decreases, but at a lower rate. ForP'0.6 GPa the decreas
can be evaluated at about 0.5% of the value atP51 atm.2

With increasingx, O1 tends to move towards a symmetric
position between Cu1 and Cu2 andTc decreases. This seem
to contradict the speculation made by Brown22 according to
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TABLE III. Structural parameters of Y(Ba12xSrx)2Cu3Ow as a function ofw for x50.5. Rietveld refine-

ments were done in the orthorhombicPmmmspace group. Atom positions are Y~ 1
2,

1
2,

1
2!, Ba/Sr(12 , 1

2 ,z),

Cu1~0,0,0!, Cu2(0,0,z), O1(0,0,z), O2(1
2 ,0,z), O3(0,12 ,z), O4(x, 1

2 ,0), and O5~1
2,0,0!. Numbers in paren-

theses are statistical standard deviations of the last significant digit.

Compound

Oxygen contentwj2wn

6.9826.97 6.9626.95 6.8026.82 6.68526.74

Y B(A) 0.39~5! 0.34~6! 0.50~7! 0.31~5!

Ba/Sr z 0.184 80~20! 0.184 43~24! 0.188 41~25! 0.189 67~20!

B(A) 0.73~6! 0.84~7! 0.84~7! 1.08~6!

Cu1 B(A) 0.63~6! 0.68~7! 0.78~8! 0.86~7!

Cu2 z 0.351 92~14! 0.352 09~17! 0.353 55~18! 0.354 56~14!

B(A) 0.29~4! 0.39~5! 0.26~5! 0.40~4!

O1 z 0.158 87~22! 0.159 52~27! 0.156 54~31! 0.157 73~25!

U11 0.0515~3! 0.0408~4! 0.1369~8! 0.1225~5!

U22 0.0174~2! 0.0225~3! 0.0458~4! 0.1076~4!

U33 0.0007~1! 0.0008~2! 0.0004~1! 0.0049~1!

O2 z 0.376 20~20! 0.376 70~24! 0.375 84~27! 0.376 44~31!

B(A) 0.45~5! 0.47~7! 0.43~7! 0.52~6!

O3 z 0.374 80~21! 0.374 58~26! 0.375 45~29! 0.375 03~31!

B(A) 0.32~5! 0.37~7! 0.48~7! 0.55~6!

O4 x 0.0536~26! 0.0572~30! 0.059~5! 0.073~4!

U11 0.0142~8! 0.1136~22!

U22 0.0142~8! 0.1136~22!

U33 0.0142~8! 0.1136~22!

n 0.900~8! 0.868~10! 0.688~12! 0.598~13!

O5 n 0.068~8! 0.085~10! 0.133~12! 0.143~12!

a ~Å! 3.784 09~8! 3.785 26~9! 3.801 74~12! 3.817 28~11!

b ~Å! 3.853 74~9! 3.853 13~11! 3.850 09~14! 3.841 03~11!

c ~Å! 11.562 79~24! 11.562 00~30! 11.5739~4! 11.584 58~33!

V ~Å3! 168.6191~62! 168.6328~77! 169.4073~100! 169.8566~84!

Cu2-O2~Å! 1.9128~4! 1.991 39~5! 1.9183~5! 1.9254~5!

Cu2-O3~Å! 1.9450~4! 1.9440~5! 1.9417~5! 1.9351~5!

Cu2-O1~Å! 2.2322~28! 2.2265~34! 2.280~4! 2.2801~33!

Cu1-O1~Å! 1.8370~26! 1.8444~31! 1.812~4! 1.8273~29!

Ba/Sr-O1~Å! 2.7171~4! 2.7160~5! 2.7304~7! 2.7328~5!

Cu2-Cu2~Å! 3.424 43~28! 3.420 27~34! 3.390 00~36! 3.3697~28!

Rwp (%)/Rexpt (%) 6.85/5.27 6.59/5.11
(b2a)/(b1a)3103 9.119 8.888 6.319 3.101
nd
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e
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which a symmetrical position of O1 with respect to Cu1 a
Cu2 would favor charge delocalization with the consequ
increase ofTc .

~iv! The thickness of the (Cu2O2!~Y!~Cu2O2) supercon-
ducting block, measured by the Cu2-Cu2 distance, incre
with increasingx, while it decreases with increasing pressu
~Fig. 4!. This is the only parameter that behaves opposit
with increasingx or with increasingP. A similar situation
was observed for the corresponding block in Hg-1223 wh
either this compound is subjected to an external pressur
the Ba cations are substituted by Sr.14 In the latter structure
the superconducting block comprises five layers, CuO2-
CuO2-Ca-CuO2, and the thickness is defined as the dist
between the Cu cations of the external layers.

~v! In Y(Ba12xSrx)2Cu3Ow the chemical pressure induce
a displacementd of O4 from theb axis. O4 moves from the

~0,1
2,0! to the (x, 1

2 ,0) position. The values ofd5xa ~x is the
t

es

ly

n
or

a-
ce

FIG. 2. Schematic structure of Y(Ba12xSrx)2Cu3Ow showing
the labeling of atoms. The shading of O5 indicates partial occu
tion.
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coordinate along thea axis! are shown in Fig. 5 as a functio
of the Sr concentration. This displacement, which does
occur when an external pressure is applied, is mainly du
the difference in size of Sr and Ba and increases fromx
50 to 0.5. We found a maximum in thed vs x plot since the
value of d for x50.625 is smaller than that forx50.5, but
the two values differ by only one standard deviation. It c
be argued that forx51, when all Ba/Sr sites are occupied b
the same cation, the displacement goes to 0. However, f
our experimental data we cannot rule out that the O4
placement is intrinsic to the structure of 123 compounds.
example, Franc¸ois et al.23 found that in the structure o
YBa2Cu3Ow with w56.91 and 6.86, O4 is displaced from

FIG. 3. Cell parameters and orthorhombic strainS5@2(b
2a)/(b1a)#3102 of Y(Ba12xSrx)2Cu3O.6.9 as a function ofx.
Error bars are smaller than the size of the symbols. The lines
guides for the eyes.

TABLE IV. Linear and volume compressibility of structural pa
rameters in Y(Ba12xSrx)2Cu3Ow as a function ofx.

(Da/Dx)/a0(x21) 219.631023

(Db/Dx)/b0(x21) 217.531023

(Dc/Dx)/c0(x21) 220.231023

(DV/Dx)/V0(x21) 256.831023

@D(Cu2-O1)/Dx#/(Cu2-O1)0(x21) 260.831023

@D(Cu1-O1)/Dx#/(Cu1-O1)0(x21) 213.731023

@D(Cu2-Cu2)/Dx#/(Cu2-Cu2)0(x21) 127.931023

@D(Ba/Sr-Ba/Sr)/Dx#/(Ba/Sr-Ba/Sr)0(x21)a 222.231023

aThe z in this case was assumed as the arithmetic averag
z(Ba/Sr) andz(O1) ~Table II!.
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the ~0,1
2,0! to the (x, 1

2 ,0) position. Their data indicate thatd
slightly increases with decreasingw.

C. Structural refinement as a function of w „x50.5…

The final structural parameter values obtained after
structural refinements of the samples withx50.5 and vary-
ing oxygen stoichiometry are reported in Table III. The li
ear and volume compressibilities of several parameters
function of w are shown in Table V and Fig. 6. If thes
parameters are compared with those of the phases wix
50 as a function ofw,24 a great similarity is observed. In
particular,a, c, and V increase with decreasingw, while b
decreases. For the phases withx50.5, a decrease ofw leads
to a reduction of the strain.S50, namely, the tetragona
symmetry, is obtained at aboutw56.6 ~see Fig. 6!. This
value is sensibly higher than that obtained for YBa2Cu3Ow ,
for which S50 is obtained atw'6.35. The occupation o
the O5 site, which is responsible for the orthorhombic

re

FIG. 4. Superconducting CuO2-Y-CuO2 block thickness in
Y(Ba12xSrx)2Cu3O.6.9 as a function ofx and ofP. The numbers on
the abscissa represent eitherx ~from 0 to 1 in the chemical formula!
or pressure~from 0 to 1 GPa!. Error bars are smaller than the size
the symbols. The lines are guides for the eyes.

FIG. 5. Displacement of O4 from the~0,1
2,0! position d in

Y(Ba12xSrx)2Cu3O.6.9 as a function ofx. The line is a guide for
the eyes.
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tetragonal transition in the 123 structure, isnO550.068(8) at
w'6.98. A similar occupation factor for O5 in 123 withx
50 is obtained atw'6.45.24

The decrease of the oxygen content causes a shorteni
the Ba/Sr-O4 distance, which results in an increase of
displacementd of O4 from the~0,1

2,0! position ~Table III!.
This strongly indicates that the oxygen that is removed fr
the structure is the one surrounding Ba. Since the large s
are occupied simultaneously by Ba and Sr, the Ba/Sr-O
tance corresponds to the average of the two distances B
and Sr-O, with the former being larger than the latter. T
precise refinements of the YBCO structure as a function
oxygen stoichiometry carried out by Jorgensenet al.24 and
Cavaet al.20 did not investigate the possible displacement
O4. As stated above, Franc¸ois et al.23 did study this feature
and found a displacement of O4 from the~0,1

2,0! position.
Specific experiments are necessary for establishing a defi
relationship betweend andw.

D. Electron microscopy

In an attempt to verify the occurrence of some ordering
the Ba and Sr distribution, samples with nominal compo
tion YBaSrCu3O6.96 were examined by electron microscop
EDS results confirmed a 1:1:1 ratio for Ba:Sr:Y. Electr
diffraction patterns were obtained along several zone a
Along @001# ~Fig. 7!, the pattern is similar to that obtaine
for the unsubstituted Ba compound and the splitting of
reflections indicates that the crystallites are twinned with
presence of two variants. As for YBa2Cu3O6.9 ~001! is the

FIG. 6. Cell parameters of YBaSrCu3Ow as a function ofw.
Error bars are smaller than the size of the symbols. The lines
guides for the eyes.

TABLE V. Linear and volume compressibility of structural pa
rameters in YBaSrCu3Ow as a function of oxygen stoichiometry
w* 56.96, corresponding to the oxygen stoichiometry at whichTc

5Tc max.

(Da/Dw)/aw* (w21) 3.0831022

(Db/Dw)/bw* (w21) 21.1431022

(Dc/Dw)/cw* (w21) 0.7131022

(DV/Dw)/Vw* (w21) 2.6431022

@D(Cu2-O1)/Dw#/(Cu2-O1)w* (w21) 8.7531022

@D(Cu1-O1)/Dw#/(Cu1-O1)w* (w21) 23.3731022

@D(Cu2-Cu2)/Dw#/(Cu2-Cu2)w* (w21) 25.3831022
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twinning plane. However, as soon as one tilts the crystall
around thê 100&* or ^110&* axis, diffuse scattering appear
around the Bragg reflections in the form of crosses wh
branches are oriented alonga* ~or b* ! ~Fig. 8!. The intensity
of the diffuse scattering is enhanced at the extremities of
crosses, giving rise to satellites. From the observation of s
cessive zone axis patterns obtained by tilting around
^100&* or ^110&* , it has been possible to localize the diffus
scattering in the reciprocal space. The crosses are center
positions (hkl/2) and their branches are abouta* /4 long. We
assumed that this additional diffuse scattering is due t
Ba/Sr ordering. It is well defined alongc and the presence o
reflections withl /2 suggests the doubling of thec axis. In the
ab plane there is probably an ordering of Ba and Sr, wh
gives rise to a 4a periodicity, but the ordering should b
short ranged.

E. Superconductivity

The values ofTc as a function ofx and w ~at fixed x!,
determined from ac resistivity measurements versusT, are
reported in Figs. 9 and 10. The diamagnetic shieldingS,
expressed as the percent of 4prx8 @wherer is the density
~g/cm3! andx8 is the specific susceptibility~cm3/g!#, and the
diamagnetic onset ofTc are reported in Table VI. The resis
tivity data show a linear decrease ofTc with x at a rate of
20 K/x. The bars in Fig. 9 represent the transition wid
defined as the 90–10 % interval of the transition. It is wor
while mentioning that the transition of the compound w

re

FIG. 7. Electron diffraction pattern taken along the@001# zone
axis. The splitted reflections due to twinning are indicated by
arrow.

FIG. 8. Electron diffraction pattern obtained after a slight t

around the@11̄0# axis from the@001# zone axis. Crosses consistin
of diffuse scattering are seen with satellites at abouta* /4 from the
center.
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x50.5 is the narrowest one and the correspondingTc is
higher than the value extrapolated from theTc vs x plot. This
corroborates the ordering between Ba and Sr found by e
tron diffraction.

The value ofTc for the polyphasic sample withx50.75
falls exactly on theTc vs x curve. This indicates that th
solubility of Sr in Y(Ba12xSrx)2Cu3Ow does not saturate a
x'0.625, in agreement with the results of Vealet al.,5 and
thus could mean thatTc depends upon parameters other th
x. The Tc onset determined from susceptibility measu
ments remains almost unchanged atT'81 K in compounds
with x>0.625. This is probably due to the polyphasic natu

FIG. 9. ResistiveTc of Y(Ba12xSrx)2Cu3O.6.96 as a function of
x. Tc5T at the midpoint of the transition. Bars represent the te
perature interval for the complete transition.

TABLE VI. Resistive and diamagnetic Tc of
Y(Ba12xSrx)2Cu3Ow , as a function ofx andw. Letters in column 3
correspond to annealing treatments, as explained in the text.m de-
notes a multiphase compound and ns denotes not supercondu
down to 4.2 K.

x wj Annealing
Resistive
Tc ~K!a

Diamagnetic
onset

Percent of
diamagnetic

shielding
~at 5 K!

0 6.94 A 90.5 92.5 100
0 6.87 G 93.5 93.5 100
0 6.90 R 92.6 92.4 100
0.25 6.96 A 89 87.2 98b

0.5 6.98 A 82 83 100
0.5 6.96 A 83.5 83.5 100
0.5 6.80 R 51.5 45.5 62
0.5 6.685 G 34 34.2 51
0.625 6.91 A 80 81 84
0.625 6.94 A 74 81.2 81.5b

0.75 m A 80 81 21
0.75 m R 75 81 18
0.75 m S 78 81 16
1.00 m A ns ns
1.00 m R ns ns
1.00 m S ns ns

aT at the midpoint of the transition.
bValues at 77 K.
c-

n
-

e

of the samples containing traces of the 123 phases witx
<0.75 that are responsible for the higher diamagnetic dro
Such a hypothesis is corroborated by the fact that the tra
tion is broad~more than 10 K! and the diamagnetic fraction
is small (S&20% at 5 K!. The polyphasic sample withx
51 does not exhibit any transition either resistive or diam
netic down to 4.2 K. By extrapolating tox51, theTc vs x
plot gives a value of'70 K, which is larger than that mea
sured by Okai (Tc'60 K) in the material synthesized at
GPa.9 As pointed out by the same author, this would sugg
that the YSr2Cu3Ow compound might be somewhat differe
from the homolog YBa2Cu3Ow .

Like the x50 compound, theTc of each Sr-substituted
material increases with increasingw. The w* doping, taken
as that corresponding to the highestTc for a fixedx, seems to
increase withx, as shown in Fig. 10 and summarized
Table VII.

F. Bond valence sum, stress, and hole density

In order to see if the decreases inTc induced by the Sr
substitution could be understood in terms of a reduction
charge transfer, the bond valence sums25 ~BVS’s! for the
different cations, as a function ofx andw, were calculated. In
Table VIII we report the average Cu valences, calcula
from eitherwj andwn and by assuming for Y, Ba/Sr, and O
the fixed valences of 31, 21, and 22, respectively. In the
same table we report the BVS values for Cu1, Cu2, Ba
and Y, calculated by the formula

Vi5( si j 5( exp@~R02Ri j !/B#, ~1!

-
FIG. 10. Resistive transition of Y(Ba12xSrx)2Cu3Ow as a func-

tion of w at fixedx. The lines are guides for the eyes.

ting

TABLE VII. Tc max as a function ofx. Tc* 5Tc at w56.87 and
w* 5w at whichTc max was obtained.

x Tc* /Tc max w*

0 1 6.87
0.25 0.89 6.96
0.5 0.85 6.96
0.625 0.91 6.91
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TABLE VIII. Experimental and calculated valenceV of Cu1, Cu2, Ba/Sr, and Y as a function ofx andw.
Vj was determined by iodometric titration,Vn was determined by neutron data, andVBVS was calculated from
Eq. ~1!. The constants used for calculations were taken from Ref. 26 and correspond to the followB
50.37. Ro(Cu21/Cu31) is equal to the weighted average of Ro(Cu21)51.679 andRo(Cu31)51.73. The
Cu21/Cu31 ratio was calculated on the basis of the measured (Vj1Vn)/2 values. Ro(Ba21/Sr21) is equal to
the weighted average ofRo(Ba21)52.285 andRo(Sr21)52.118. Ro(Y31)52.019.

x-wj -wn

Cu1 Cu2
Ba/Sr
VBVS

Y
VBVSVi Vn VBVS Vi Vn VBVS

0-6.93a 2.29 2.29 2.30 2.29 2.29 2.19 2.17 2.88

0-6.95b 2.30 2.30 2.38 2.30 2.30 2.21 2.19 2.905

0.25-6.95-6.98 2.30 2.32 2.34 2.30 2.32 2.30 2.14 2.93

0.5-6.96-6.95 2.31 2.30 2.33 2.31 2.30 2.36 2.03 2.93

0.625-6.92-7.07 2.28 2.38 2.56 2.28 2.38 2.38 1.98 2.92

0.5-6.98-6.97 2.32 2.31 2.38 2.32 2.31 2.36 2.03 2.93

0.5-6.80-6.82 2.20 2.21 2.29 2.20 2.21 2.29 1.93 2.90

0.5-6.685-6.74 2.12 2.16 2.12 2.12 2.16 2.27 1.91 2.89

aRT data of Brown~Ref. 25!.
b5 K data of Cavaet al. ~Ref. 20!.
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whereVi represents the valence of the ioni, R0 is a specific
parameter of the ioni for a given valence,Ri j is the experi-
mental distance between the ioni and the first nearest neigh
bors j, andB is a universal constant equal to 0.37.25 The R0
values were taken from Ref. 26 and are indicated in Ta
VIII. For the Ba/Sr site,R0 was assumed as the weighte
arithmetic average ofR0(Sr21) and R0(Ba21). For Cu, a
weighted average ofR0(Cu21) andR0(Cu31) was calculated
from the measuredw value. Based on this hypothesis, th
valence of Cu1 is almostx independent fromx50 to 0.5,
while it increases abruptly betweenx50.5 and 0.625 from
2.33 to 2.57. On the other hand, forx increasing from 0 to
0.625 the valence of Cu2 increases monotonically fr
'2.20 to 2.36. The BVS of the Ba/Sr site decreases w
increasingx and reaches values very close to the formal
lence of these cations atx>0.5 ~2.03 and 1.98 atx50.5 and
0.625, respectively!. For x increasing from 0.25 to 0.625 th
BVS for Y remains almost unchanged at'2.93. This indi-
cates that the Sr substitution almost completely reduces
stress on the large cation layers.22

The increase ofTc with increasingw in YBa2Cu3Ow is
due to the charge transfer from the chain to the plane cop
The transfer is enabled by the stress of the Ba-O lay
According to the values quoted by Cavaet al.,20 the BVS for
Ba in YBa2Cu3O6.96 is 2.18 valence units. This means th
the stress corresponds to 0.18. Thus the Ba-O interato
distances are smaller than the value corresponding to a
mal valence of 21. Consequently, the Cu2-O distances a
smaller than the value corresponding to Cu21-O distance and
the Cu2 cations can accept the extra charges of Cu1 com
from the extra oxygen.

Here we suggest that the stress of the Ba layer plays
important role in the charge transfer from Cu1 to Cu2. T
relaxation of this layer due to the Sr substitution does
allow the substituted compounds to reach the doping leve
the unsubstituted one. This model is based on the assum
that the hole density on the CuO2 layer is the key factor
determiningTc .
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In Fig. 11 the differences between the formal valence a
the calculated BVS for the Ba/Sr and Cu sites are repor
The formal valence of Ba/Sr is taken as 21, while that of Cu
is the valence measured by iodometric titration. The va
tion of these differences, which is a measure of the stress
increasingx is the same as that observed for decreasingw for
x50.22 It is worthwhile mentioning that in both casesTc
decreases.

As can be seen from Fig. 12, the average BVS for C
and Cu2 increases with increasing Sr content. This is no
agreement with the data reported in Table VIII, where t
average Cu valence, measured by either iodometric titra
or neutron diffraction, remains constant. This discrepanc
probably due to a remnant stress in one or both CuO lay
By varying the oxygen stoichiometry from 6.98 to 6.685
YBaSrCu3Ow , the BVS’s of Ba, Y, Cu1, and Cu2 decrea
with decreasingw, which is in agreement with what has bee
observed in the unsubstituted compound.20

FIG. 11. Difference between calculated BVS and formal
measured values for the Ba/Sr and Cu21/Cu31 sites, respectively.
The lines are guides for the eyes.
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IV. CONCLUSIONS

In order to unveil the structural mechanism responsi
for the decrease ofTc when Ba cations are replaced by Sr
YBa2Cu3Ow , several solid solutions of the syste
Y(Ba12xSrx)2Cu3Ow were synthesized and characterize
Monophasic samples were obtained up tox50.5. At x
50.75 the amount of impurities is more than 50%, while t
‘‘123’’ phase does not form forx51. As x increases,Tc
decreases monotonically from 92.5 K forx50 to 78 K for
x50.75. As shown by powder neutron diffraction most

FIG. 12. BVS’s of Cu1 and Cu2 as functions ofx. The lines are
guides for the eyes.
ble
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the structural parameters decrease withx just as they de-
crease when the unsubstituted compound is subjected to
chanical pressure. However, in the latter case an increas
Tc is observed. The only structural parameter that exhi
opposite behavior with respect to the application of the t
types of pressures, mechanical and chemical, is the thick
of the superconducting block, which is the distance betw
two Cu of the same (CuO2!~Y!~CuO2) block. TheTc depen-
dence onw for x50.5 reveals that the same parameter
creases for increasingw, which corresponds to an increase
Tc . This suggests that the thickness of the superconduc
block is not the parameter controllingTc in this system.
Short-range order has been detected by electron diffrac
for the compound withx50.5. This compound exhibits th
sharpest transition, even sharper than that of the unsu
tuted compound. The BVS’s calculated as a function ox
reveal that the Sr substitution releases the stress of the
SrO layers and this relaxation hinders the charge transfer
given oxygen concentration. It is suggested that this red
tion of charge transfer is the key factor for the decrease
Tc . For the system Y(Ba12xSrx)2Cu3Ow the value ofw cor-
responding to the maximumTc increases withx, thus the Sr
substitution enlarges the underdoped region.
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