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To unveil the structural mechanisms associated Withrariations induced by either mechanical or chemical
pressure, samples of the Y(BgSr,),Cu0,, system withx<0,0.02,0.1,0.25,0.35,0.5,0.625,0.75,1, as well as
those withx=0.5 andw=6.685,6.80,6.96,6.98, 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 GRa/The main difference is the thickness of the superconducting block
CuO,-Y-Cu0O,, which increases with increasingand decreases with increasing pressure. As a consequence of

the displacement of O4 from tt(@,%,o) to the (x,%,O) position, the Ba/Sr-O4 distance decreases with increas-
ing Sr content. At constaw, T, decreases at the rate of 20%/For x>0, the maximum ofT . occurs at a

value ofw higher than fox=0. Forx=0.5 the thickness of the superconducting block increases with increas-
ing w and consequently with increasifig . This indicates that, at least in this system, the thickness of the
superconducting block is not the key parameter controlling The stress of the Ba/Sr and the Y sites,
estimated from the bond valence sufB3/Ss), decreases with increasing For x=0.5, the BVS values are
almost equal to the formal values oft2and 3+, respectively. The average BVS of Cul 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.\@tr analysis of

the structural data suggests that the relaxation of the Ba/Sr layer hinders the charge transfer from Cul to Cu2,
which accounts for the decreaseTaf with increasingx. [S0163-182@08)05645-§

[. INTRODUCTION of the intrinsic parameters, respectively.
Reproduction by chemical substitutions of the structural

In general, the application of mechanical pressure on layehanges induced by mechanical pressure is considered an
ered cuprates increases at rates that depend on the chemi- interesting tool for engineering increases f. The most
cal composition of each specific phase. In the case oflirect method for reducing the interatomic distances without
YBa,Cu,0O,, (YBCO-123, values ofdT./dP ranging from altering the valence balance is substituting Sr for Ba. The
4-7 to 0-1 K/GPa have been reported for~6.6 and latter has an ionic radius smaller than the former and both are
w>6.9, respectively.Structural refinements of YB&u,O,,  divalent. Thus the introduction of Sr would not alter the hole
with w=6.93 and 6.6, as a function of pressure between Toncentration of the Cullayers. However, the introduction
atm and 0.578 GPa, indicated that pressure-induced struof Sr in Y(Ba,_,Sr),Cu0,, induces a decrease @f. and
tural changes occur around the Cu2-apical oxygen Bondultimately makes the 123 phase unstable. Single-phase
However, it was not possible to relate these structurabamples were obtained at ambient pressure up<t0.5%~'
changes to significant variations in the charge transfer inThe results reported by Odat al® on the synthesis of
duced by pressure. Other experiments were carried out bySr,Cu;O,, (x=1) have not been reproduced. To obtain this
applying pressure to YBEW0O,, (Ref. 3 at different tem- phase it is necessary either to carry out the synthesis
peratures. They allowed the authors to separate two pressuneader high pressuter to introduce a second substituent Me
induced effects, one due to the chain oxygen ordering andn the Cul site and synthesize samples such as
the other to variations of the structural and electronic param¥ Sr,(Cu2),(Cul), - ,Me,O,, 10
eters. In YBaCu;Og 7, dT./dP values of 4.1 and 7.4 K/IGPa Similar behavior has been observed for the Hg-based cu-
have been reported for the oxygen ordering and the variatioprates HgBsCa,_1Cu,05, 954+ 5. If Sr is substituted for
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some of the Ba cationd,; decreasé? and the synthesis of maintained at this temperature for 10 h, and then cooled to
single-phase materials necessitates the use of either highom temperature. For the samples a fewR pellets were
pressur& or a second substituent with a valence greater thasealed in a Pyrex ampoule together with a zirconium foil 2.5
2 on the Hg sité® The lattice parameters of Sr-123 and cm high and of varying lengths. The ampoules were evacu-
Sr-Hgl26—1)n decrease with respect to those of unsubsti-ated down to 10° torr, heated to 440 °C, maintained at this
tuted materials in a way similar to that observed by applyingemperature for 50—100 h, and cooled down to room tem-
external pressur¥. The introduction of Sr induces similar perature. For a fixed ampoule volume and annealing tem-
decreases of . in compounds as different as 123 and Hg- perature, oxygen was gettered by Zr in amounts proportional
based ones; it would then be interesting to study these strute the Zr surface, the number of pellets, and the duration of
tures in detail in order to elucidate the structural mechaannealing. Details of the procedure are given in Ref. 17.
nisms associated with the decreasesTgf Veal et al®
reported, albeit incompletely, structural data for the B. Characterization
Y(Ba; _,Sr),Cu0,, system. Other authors reported struc- )
tural refinements of compounds with a second substituent on 1€ phase analysis and structural parameters were deter-
the Cul sites, such as &Re, Mo, and W However, the mined b_y X-ray d_|ffract|on. Patter_ns were re_co_rded with a
second substitution modifies significantly the original struc-2900 Siemens diffractometer, using ®uwr radiation. Cat-
ture. ion stoichiometry in single-phase materials was assumed co-
In order to understand the difference between the effectficident with the nominal one. , _ o
induced by chemical substitutions and those induced by ap- OXYgen stoichiometry was determined by iodometric ti-
plying mechanical pressure, we synthesized and charactef@tion with an amperometric dead-stop end pdior each
ized samples of Y(Ba_,Sr,),Cu0,,. The structural refine- com_p_qsmon six to eight _tes_ts were c_arrled out. The repro-
ments based on powder neutron diffraction data were carrieduciPility of results was within 0.02 miitrant volume, thus
out as a function of and, forx=0.5, as a function ofv. The ~ 'esulting in a precision of about 0.005 oxygen/f.u.
electric and magnetic properties have also been measured Electric reS|st_|V|ty and magnetic susceptibility were mea-
and correlated with the structural parameters and oxygeﬁ”rEd as a function of temperature between 300 and 4.2 K. ac

content. It seems that the Ba cations play an important role iﬁeSiStiVity_ was determined by a_four-point probe, in a closed-
the highT, of YBCO. Its substitution with a smaller cation SY¢l€ Nelium cryostat, by applying a pulsed current of 0.1-1
corresponds to the application of a chemical pressure, bfA: FOr temperatures lower thar20 K, samples were di-

other important crystallographic features also change WitﬁectIy dipped into liquid helium. Magnetic susceptibility was
P y drap g easured by a Lake Shore Model 7000 ac susceptometer.

2lrj]k2|'-s:l_tu“0n and these changes seem to play a negative ro:g%ata were collected at a fixed frequency of 1 kHz and con-

stant ac field amplitudehc=50 1 T) on bar-shaped speci-
mens. This allowed us to compare measurements performed
on similar sized samples. Calibration was performed using a
A. Sample preparation Gdy(SOy)5-H,O standard and demagnetization effects were
taken into account.

Powder neutron diffraction data on selected samples were
collected with the D2B diffractometer at Institute Max von
Laue—Paul Langevir(Grenoble, Frangein the high flux
mode. Data were refined by the Rietveld method in the
orthorhombicPmmmspace group using thesAsrefinement

rogram. For all the Sr-substituted samples the thermal pa-
eter of O4, the mobile oxygen, was unrealistically larger

Il. EXPERIMENT

Samples of Y(Ba ,Sr),Cu0, (with nominal x
=0,0.02,0.1,0.25,0.35,0.5,0.625,0.75vlere prepared by a
solid-state reaction of stoichiometric mixtures of,04
(99.999%, CuO (99.99%, BaCQO; (99.99%, and SrCQ
(99.99%. In a few experimentsX=0.75 and 1 SrO, was
also used, but no significant improvements in the syste
reactivity were obtained. Reagents were mixed and groun

undgr acetone n agatg m_ortars. The syntheses were carri n those of other oxygen atoms in the structure. In the final
out in Al,O4 crucibles, in air at 950 °C for a total of 80—100

h, with several intermediate coolings and grindings. Reac[efmementlcycles 04 was placed at the3(0) position, in-
tions were stopped when x-ray diffractograms did not reveaft®ad 0f(0,2,0), andx was allowed to vary. Reasonable val-
any difference after two consecutive treatments. Pellets 708€S forx and the thermal parameters were obtained.

mg in weight and 1 cm in diameter, obtained by pressing the  EI€Ctron microscopy analysis was carried out using a
powders, were sintered in air at 950 °C overnight and coole&hiliPS CM microscope operating at 300 kV and equipped
at a rate of 100 °C/h down to room temperat(Resamples with a Kevex system for energy dlsperS|v§ spectroscopy
Different annealing treatments were applied for varying theEDS analysis. The samples were crushed in a mortar with
oxygen stoichiometryv. For theA samplesR pellets were alcohol and the suspension was re(_:overed onto an aluminum
heated in flowing oxygen at 880 °C for 2 h, cooled at 30 oC/h_hoIey cgrbon grid. Electron .d|ffract|on patterns correspond-
down to 480 °C, and maintained at this temperature for 50-nd to different Ba-Srlgrdenng models were calculated by
100 h before being cooled down to room temperature. FoHSiNg theems software-

the S samples, a fewA pellets were put in a quartz ampoule

together with a 1-g pellet of SeO The ampoulg(l cm in Ill. RESULTS AND DISCUSSION

diameter, 10 cm long, 2-3 mm thickvas evacuated to
10 ° torr, sealed, and heated up to 600 °€ 2ch in order to
decompose SrQand produce oxygen with a pressure of Samples of Y(Ba ,Sr,),Cu0,, with x<0.5 are single
about 20—30 atm. The system was cooled down to 500 °Qphase as shown by x-ray and neutron diffraction data. A

A. Phase characterization
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' ' ' ' ' ' ' ' in good agreement with those determined by structural re-
Y(Ba,sSro5),CUsO%.s6 finements based on neutron diffraction daig, given by
the sum of the occupation parameters of O4 and O5 sites,
W,,=6+Nngs+Ngs, also shown in Tables Il and 1ll. The larg-
. est discrepancy betweem andw,, corresponding to 0.15
units in oxygen stoichiometry, is in the= 0.625 sample; this
. could be attributed to the presence of impurities, which
makes the iodometric titration results less reliable than those
a ey obtained by neutron diffraction.
ARSI TYU07 VA PV RO U OO SO All refined structures of Y(Ba,Sr),Cu0O, with X
<0.625 and w=6.685 are orthorhombic(space group
' ' ' ' ' ' : Pmmm. The strain, defined a§=2(b—a)/(b+a), is a
0 a0 60 8 100 120 140 160 nonlinear function ofx. For 0<x<0.5, the orthorhombic

26 (degrees) strain in Y(Ba _,Sr,),Cus0,, increases withx and is greater
than in YBaCusO,,. On the contrary, the strain for the phase
with x=0.625 is slightly smaller than that corresponding to
the phase withx=0, indicating that, as a function of the

powder neutron diffraction pattern of the sample with strain goes through a maximum. This is due to the different
x=0.5 andw=6.96 is shown as an example in Fig. 1. rates with whicha and b vary with x. Figure 3 shows the

Samples withx=0.625, 0.75, and 1 contain more than one Variation of the lattice parameteasb, andc and the strairb
phase and the content of impurities increases withAs as a function ok. Theb parameter decreases linearly with

shown by x-ray diffraction, the sample corresponding to theThe parametea decreases too, but not linearly. This de-

inal stoichi v ; ; crease is mainly due to the shortening of the Ba/Sr-O4 bonds
g?gu?s s\;og:réom:r:(rjy pig%g Wt;%%iag tlg[cc\)(ntgllz r(’r;alnly with x, which decrease more rapidly than the Cul-O4 bond.
The typ'icalz reflgctions of the phase 128:(1)X axs reéo?tléd The shortening of the latter is responsible for the decrease of

in the literature’'®are not present. The pattern of the sampleb' For small values ok the decrease d is steeper than that

with x=0.75 contains the reflections of 123 together with ©f P and this results in the increase of the strain. For a further

those of SgCuO,. The reflections of YSrO,, observed in the increase of, however, the occupancy factor of the O5 site,

pattern corresponding to=1, are not detectable and it is not sm_Jated as Q4 in the basal plane, increagee Table .
clear whether the reflecions of SrCuO and This occupation attenuates the decreasa sfnce the sur-

Sty Y,ClpOy; are present. The sample wito=0.625 roundings of the Sr cations with respect to the basal plane

s 4 i becomes less anisotropic. The attenuation results in the de-
contains mainly the 123 phase. The reflections of secondaré(rease of the strain and a maximum is observed between
phases are weak and, except for thad&t2.87 belonging to

S1Cu0, they camot b atbuted wih ceriany to any 025 404 085E¢ Fo, 8 The s coyltee win e
known phase. In the impurity phases Ba and Sr form soli eal et al. for a sample withk=0.52 From the results of the
solutions as well, which makes it difficult to identify them by X=0.5 sémple as a function Mz (.see Table 1l it can be
comparison W'th ungubstltut.ed p_hases. For #e0.625 . _deduced that the data of Veat al. might correspond to a
sample the sections in the diffraction pattern correspondm%hase with an oxygen content lower than 6.9

to the impurities were eliminated from the refinements. A list The nonlinearity of theSvs x curve does n.ot. allow us to

of the quqhtatlvely identified pha_lses in the powder patterns 'Bvaluate the Sr concentration at which the phase becomes
reported in Table | as a function of The results are in

: 7 tetragonal forw=6.9. The YS,Cu0,, phase Ww~7) re-

reasonable agreement with those of Retfal. ported by Okal is tetragonal as YSRe,Cli;_,O,, With a
small Re contenty~0.15) 102

No variation as a function of was found for the buckling

The final results of the structural refinements are given irof the Cu2 squares. The Cu2-O2-Cu2 and Cu2-O3-Cu2
Tables Il and Il as a function of the Sr and O contents,angles remain constant within one or two standard deviations
respectively. The atoms are identified as shown in Fig. 2 andt about 163.0° and 164.5°, respectively.
according to Ref. 20. Table IV shows the variations of some structural param-

The oxygen stoichiometries determined by iodometric ti-eters (AP) for a given Sr content intervahx normalized
trationw; are reported in the same tables. In general, they arto the same parameter value ax=0, P,

800
1

400
T

counts

FIG. 1. Powder neutron diffraction pattern of YBaSrEOd gg
(A=1.5943 A).

B. Structural refinements as a function ofx (w>6.9)

TABLE I. Qualitative x-ray phase analysis in Y(BaSr,),CuO,,, as a function ok.

Phases

nominalx 123 (S1,Y)14C4041 SrLCuG; SrCuQ Y ,Sro, Y ,Cw,04 Y04

0.625 ~90% possible trace no no no no
0.75 <50% possible present possible possible possible possible
1 no present possible present present possible possible
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TABLE IlI. Structural parameters of Y(Ba,Sr,),CuO,, as a function ok for w=6.90. Rietveld refine-

ments were done in the orthorhombRmmmspace group. Atom positions are(33,3), Ba/Sr&,3.2),

Cul(0,0,0, Cu2(0,0z), 01(0,07), 02(3,02), 03(03,2), 04(x,3,0), and 0%3,0,0. Numbers in paren-
theses are statistical standard deviations of the last significant digit.

Compound x=02 x=0.25 x=0.5 x=0.625

Y B(A) 0.283) 0.31(6) 0.346) 0.51(10)

Ba/Sr z 0.18432) 0.184 5323) 0.184 4324) 0.18634)
B(A) 0.443) 0.556) 0.847) 0.80(11)

Cul B(A) 0.41(3) 0.41(6) 0.6897) 0.3511)

Cu2 z 0.35541) 0.353 6416) 0.352 0917) 0.352 3327)
B(A) 0.202) 0.335) 0.395) 0.298)

o1 z 0.15902) 0.158 8923) 0.159 5227) 0.158@5)
ull 0.0091) 0.032a3) 0.04084) 0.01349)
u22 0.0071) 0.01192) 0.022%3) 0.004@6)
U33 0.01Q@1) 0.00131) 0.00082) 0.00945)
n 2.062)

02 z 0.37792) 0.377 7822) 0.376 7@24) 0.37424)
B(A) 0.51(4) 0.476) 0.477) 0.4311)

03 z 0.379@2) 0.376 3724 0.374 5826) 0.375&4)
B(A) 0.353) 0.306) 0.377) 0.2812)

04 X 0.039913) 0.057230) 0.0527)
Ull 0.0223) 0.02595) 0.03658) 0.195437)
u22 —0.0012) 0.02595) 0.036%8) 0.195437)
U33 0.0192) 0.02595) 0.036%8) 0.195437)
n 0.9 0.9349) 0.86810) 0.97218)

05 n 0.031) 0.0449) 0.08510) 0.09816)

aA) 3.822711) 3.799 768) 3.785 269) 3.783 9717)

b (A) 3.88722) 3.870 2810) 3.853 1311) 3.845 1621)

cA) 11.68022) 11.621 4%29) 11.562 0@30) 11.539 9653)

\Y (As) 173.56 170.90641) 168.632877) 167.9062143)

Cu2-02(A) 1.9290 1.9208%) 1.91395) 1.90887)

Cu2-03(A) 1.9627 1.9531) 1.944Q5) 1.94138)

Cu2-01(A) 2.29632 2.263@0) 2.226534) 2.2436)

Cul-0O1(A) 1.8571 1.846827) 1.844431) 1.8236)

Ba/Sr-O1(A) 2.7418 2.728@) 2.716@5) 2.71719)

Cu2-Cu2(A) 3.3732 3.401 882 3.420 2734) 3.408254)

Rup (%6)/Repi (%) 5.96/3.33 6.63/5.1 6.85/5.27 7.55/6.03

(b—a)/(b+a)x 10° 8.366 9.194 8.886 8.021

wW; (iodometrig 6.93 6.95 6.96 6.92

w, (neutron 6.98 6.95 7.07

#Data from Jorgenseat al. (Ref. 24.

[APIAX)/Po(x 1)]. If compared with the values of

15211

(iil) The Cu2-01 distance, that is, the distance from the

Jorgenseret al.2 which correspond to the variations induced Cu of the pyramids and the apical oxygen O1, decreases with
increasing Sr. This reduction is three times greater than that

by external pressure in

the following.

(i) the complete substitution of Ba with Sx£€1) would
induce a variatior{extrapolated valueof the lattice param-

about 10 GPa.

the other two axis.

the YB2uyOgg93 sStructure
[APIAP)/Pp_amd P~ 1)1, the values of Table IV indicate of the ¢ axis ([A(Cu2-O1)Ax]/(Cu2-O1)_q

=-60

x 1072 against Ac/Ax)/cy_o=—20x10"3). The Cul-O1

distance

decreases

slightly and

the

coefficient

(A(Cul-01)Ax]/(Cul-O1)_() is smaller than that corre-
eters equivalent to the application of an external pressure afponding to the axis (— 13.7x 10”2 against—20.2x< 10" 3%).
As a function of external pressure, the Cu2-O1 distance de-
(i) the contraction of the three parameters resulting froncreases as theaxis does, whereas the Cul-O1 distance also
the application of the chemical pressure is almost isotropiclecreases, but at a lower rate. 0.6 GPa the decrease
along the three directions, whereas that induced by externaan be evaluated at about 0.5% of the valuéatl atm?
pressure is highly anisotropic. The pressure-induced contra¥ith increasingx, O1 tends to move towards a symmetrical
tion along thec axis is twice as much as that observed alongposition between Cul and Cu2 amgddecreases. This seems
to contradict the speculation made by Bréaccording to
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TABLE lll. Structural parameters of Y(Ba,Sr,),Cu;O,, as a function ofv for x=0.5. Rietveld refine-
ments were done in the orthorhombRmmmspace group. Atom positions are(33,3), Ba/Sr&,3.2),

Cul(0,0,0, Cu2(0,0z), 01(0,07), 02(3,02), 03(03,2), 04(x,3,0), and 0%3,0,0. Numbers in paren-
theses are statistical standard deviations of the last significant digit.

Oxygen contentv; —w,

Compound 6.98-6.97 6.96-6.95 6.80-6.82 6.685-6.74
Y B(A) 0.395) 0.346) 0.507) 0.31(5)
Ba/Sr z 0.1848020)  0.1844324)  0.1884125  0.189 6720)
B(A) 0.736) 0.847) 0.847) 1.086)
cul B(A) 0.636) 0.697) 0.798) 0.867)
cu2 z 0.3519214)  0.3520917)  0.3535%18)  0.354 5614)
B(A) 0.294) 0.395) 0.2605) 0.404)
o1 z 0.1588722)  0.1595227)  0.1565431)  0.157 7325
u11 0.051%3) 0.04084) 0.13698) 0.12255)
u22 0.01742) 0.02253) 0.04584) 0.10764)
u33 0.00071) 0.00082) 0.00041) 0.00491)
02 z 0.376 20200  0.3767024)  0.3758427)  0.376 4431)
B(A) 0.4505) 0.477) 0.437) 0.526)
03 z 0.37480@21)  0.3745826)  0.37545%29)  0.3750331)
B(A) 0.325) 0.377) 0.497) 0.55(6)
04 X 0.053626) 0.057230) 0.0595) 0.0734)
U1l 0.01429) 0.113622)
u22 0.01429) 0.113622)
u33 0.01429) 0.113622)
n 0.9008) 0.86810) 0.68812) 0.59813)
05 n 0.0688) 0.08510) 0.13312) 0.14312)
a(A) 3.784 098) 3.785 269) 3.8017412)  3.817 2811
b (A) 3.853 749) 3.8531311)  3.8500914)  3.8410311)
c(A) 11562 7924)  11.5620030)  11.573%4) 11.584 5833)
Vv (R3) 168.619162)  168.632§77)  169.4078100  169.856684)
Cu2-02(A) 1.91284) 1.991 395) 1.91835) 1.92545)
Cu2-03(A) 1.945@4) 1.944Q5) 1.94175) 1.93515)
cu2-01(A) 2.232229) 2.226534) 2.2804) 2.280133
cul-01(A) 1.837026) 1.844431) 1.8124) 1.827329)
Ba/Sr-O1(A) 2.71714) 2.71605) 2.73047) 2.73285)
cu2-Cu2(A) 3.4244328)  3.4202734) 3.3900036)  3.369729)
Rup (%)/Rexpi (%) 6.85/5.27 6.59/5.11
(b—a)/(b+a)x 103 9.119 8.888 6.319 3.101

which a symmetrical position of O1 with respect to Cul and
Cu2 would favor charge delocalization with the consequent
increase ofT..

(iv) The thickness of the (Cu2@Y)(Cu20,) supercon-
ducting block, measured by the Cu2-Cu2 distance, increases
with increasingx, while it decreases with increasing pressure
(Fig. 4). This is the only parameter that behaves oppositely
with increasingx or with increasingP. A similar situation
was observed for the corresponding block in Hg-1223 when
either this compound is subjected to an external pressure or
the Ba cations are substituted by$in the latter structure
the superconducting block comprises five layers, CuO2-Ca-
Cu02-Ca-Cu02, and the thickness is defined as the distance
between the Cu cations of the external layers.

(V) In Y(Bay _,Sr)C0, the chemical pressure induces  r15 5 schematic structure of Y(BaSt,),Cu,0,, showing
a displacemend of O4 from theb axis. O4 moves from the ¢ |apeling of atoms. The shading of O5 indicates partial occupa-

(0,3,0) to the (x,3,0) position. The values of=xa (x is the tion.
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1 —H— Volume 3.42
. {175 ‘ |
11.65 | ¢ <
o 3.4 .
- c g
g L 3 - k- .
< s Iy 3 s ° A
= o
3‘; & 339 .
11.55 ©
3.38 .
B {165
. . . . 3.371 —@- pressure
T —®— X
=S 3.36 : . . :
—a 118 ¥ 0 0.2 0.4 0.6 0.8 1
—a—b g x/pressure (GPa)
o
& . . .
= FIG. 4. Superconducting C?LéO/-CUOz block thickness in
nrs g Y(Ba; _,Sr),Cu0-¢gas a function ok and of P. The numbers on
D the abscissa represent eitlxifrom 0 to 1 in the chemical formuja
'ﬁ' or pressurdgfrom 0 to 1 GPa Error bars are smaller than the size of
= the symbols. The lines are guides for the eyes.
A |16
the (0,3,0) to the (x,3,0) position. Their data indicate that
ols ] slightly increases with decreasing
X C. Structural refinement as a function of w (x=0.5)
FIG. 3. Cell parameters and orthorhombic streds[2(b The final structural parameter values obtained after the

—a)/(b+a)]x10? of Y(Ba;_,Sr),Cl,0-¢9 as a function ofx. structural refinements of the samples with 0.5 and vary-
Error bars are smaller than the size of the symbols. The lines arghg oxygen stoichiometry are reported in Table Ill. The lin-
guides for the eyes. ear and volume compressibilities of several parameters as a
function of w are shown in Table V and Fig. 6. If these
coordinate along tha axis) are shown in Fig. 5 as a function Parameters are comp%red with those of the phases with
of the Sr concentration. This displacement, which does not 0 as & function ofw,”" a great similarity is observed. In
occur when an external pressure is applied, is mainly due tBarticular,a, ¢, andV increase with decreasing, while b
the difference in size of Sr and Ba and increases from decreases. For the phases with0.5, a decrease of leads

=0 to 0.5. We found a maximum in th&vs x plot since the o a retduct_ion t())tf _thedstrtairﬁzu(;,_réaénely, t:;.e tetra_tlgr?nal
value of 6 for x=0.625 is smaller than that for=0.5, but symmetry, 1S obtained at abou=o. (see ig. 6. This
. o value is sensibly higher than that obtained for ¥8&,0,,,
the two values differ by only one standard deviation. It can . P : A
be arqued that fox=1. when all Ba/Sr sites are occupied b for which S=0 is obtained aiv~6.35. The occupation of
gu i — LW ! up! Y the 05 site, which is responsible for the orthorhombic to
the same cation, the displacement goes to 0. However, from

our experimental data we cannot rule out that the O4 dis- 0.25

placement is intrinsic to the structure of 123 compounds. For ' ' ' '
example, Frammis et al? found that in the structure of
YBa,Cw0,, with w=6.91 and 6.86, O4 is displaced from 0.2 L .
TABLE IV. Linear and volume compressibility of structural pa-  ~ 0-15 | -
rameters in Y(Ba_,Sr),Cu0, as a function ok. <
“© 01l |
(Aa/Ax)/ag(x 1) ~19.6x1073
(Ab/AX)/bo(x™ 1) —17.5x10°3
(Ac/AX)/co(x™Y) ~20.2x1073 0.05| .
(AVIAX)IVo(x™ 1) —56.8x10 3
[A(Cu2-01)Ax]/(Cu2-01)(x ™Y —60.8x10 2 0 . . . .
[A(Cul-01)Ax]/(Cul-O1)(x"1) —13.7x10°3 0 0.2 0.4 0.6 0.8 1
[A(Cu2-Cu2)Ax]/(Cu2-Cu2)(x~1) +27.9x10°3 X

[A(Ba/Sr-Ba/Sr)Ax]/(Ba/Sr-Ba/Sry(x )2 —22.2x10°2
FIG. 5. Displacement of O4 from thé),3,0) position & in
#The z in this case was assumed as the arithmetic average of(Ba;_,Sr,),Cu0-44 as a function ofx. The line is a guide for

z(Ba/Sr) andz(O1) (Table ). the eyes.
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TABLE V. Linear and volume compressibility of structural pa-
rameters in YBaSrGi©O,, as a function of oxygen stoichiometry.
w* =6.96, corresponding to the oxygen stoichiometry at whigh

=Tc max-

(Aa/Aw)/a,(w™ ) 3.08x10°?
(Ab/AW) /by (W™ ) —1.14x1072
(Ac/AW)/Cys (W™ 1) 0.71x10°?
(AVIAW)/V e (W™ ) 2.64x10°?
[A(Cu2-01) Aw]/(Cu2-01),x (W™ 1) 8.75x10 2
[A(Cul-01)Aw]/(Cul-O1), (W™ 1) —3.37x10°?
[A(Cu2-Cu2)Aw]/(Cu2-Cu2),(w™ 1) —5.38x10 2

FIG. 7. Electron diffraction pattern taken along 1] zone
axis. The splitted reflections due to twinning are indicated by an

tetragonal transition in the 123 structurenisgs=0.068(8) at arrow

w=~6.98. A similar occupation factor for O5 in 123 with
=0 is obtained atv~6.452*

The decrease of the oxygen content causes a shortening Winning plane. However, as soon as one tilts the crystallites
the Ba/Sr-O4 distance, which results in an increase of th@round the100* or (110* axis, diffuse scattering appears

displacements of 04 from the(0,,0) position (Table I1i). around the Bragg reflections in the form of crosses whose

This strongly indicates that the oxygen that is removed fronfPranches are oriented aloag (orb*) (Fig. 8). The intensity

the structure is the one surrounding Ba. Since the large sited the d|ffu_s_e scattering Is e_nhanced at the extremities of the
are occupied simultaneously by Ba and Sr, the Ba/Sr-O disS/0SSes, giving rise to satellites. From the observation of suc-
tance corresponds to the average of the two distances Ba-§$SS/V& zone axis patterns obtained by tilting around the
and Sr-O, with the former being larger than the latter. The 100 or <_110> o It has been possible to localize the diffuse
precise refinements of the YBCO structure as a function ofCattering in the reciprocal space. The crosses are centered at
oxygen stoichiometry carried out by Jorgensaral?* and positions fikl/2) e}nd the.'F branches are abtaift{4 Io.ng. we
Cavaet al? did not investigate the possible displacement of2Ssumed that this additional diffuse scattering is due to a
04. As stated above, Framis et al2® did study this feature Ba/Sr prderlng. It is well defined aloru_gand the presence of

and found a displacement of O4 from th@2%,0) position. reflections withl /2 suggests the doubling of tlieaxis. In the

Specific experiments are necessary for establishing a defini@P Plane there is probably an ordering of Ba and Sr, which
relationship betweed andw. gives rise to a 4 periodicity, but the ordering should be

short ranged.

D. Electron microscopy

. _ E. Superconductivity
In an attempt to verify the occurrence of some ordering in

the Ba and Sr distribution, samples with nominal composi- The values ofT; as a function ofx andw (at fixed x),
tion YBaSrCléO&gG were examined by electron microscopy_ determined from ac rESiStiVity measurements Ver-E,USre
EDS results confirmed a 1:1:1 ratio for Ba:Sr:Y. Electronreported in Figs. 9 and 10. The diamagnetic shieldig
diffraction patterns were obtained along several zone axe§xpressed as the percent ofrdy’ [wherep is the density
Along [001] (Fig. 7), the pattern is similar to that obtained (g/cn®) andy’ is the specific susceptibilitcm®g)], and the
for the unsubstituted Ba compound and the splitting of thediamagnetic onset of . are reported in Table VI. The resis-
reflections indicates that the crystallites are twinned with thdivity data show a linear decrease ©f with x at a rate of

presence of two variants. As for YB2uOg o (001) is the 20 K/x. The bars in Fig. 9 represent the transition width,
defined as the 90-10 % interval of the transition. It is worth-

3.86 : ; : ; 11.6 while mentioning that the transition of the compound with

///k‘- 11.59
3.84
6.7 6

111.58
3.82¢

a, b (A)
v 2

111.57
—e—a

3.8} b

41 11.56
—o—C

3.78 .
6.5 6.6 . .8 6.9 7

11.55

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

FIG. 6. Cell parameters of YBaSrdD, as a function ofw. around thd 110] axis from the[001] zone axis. Crosses consisting
Error bars are smaller than the size of the symbols. The lines aref diffuse scattering are seen with satellites at al&dut from the
guides for the eyes. center.
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i I Y(Bai-xSrx)2CusOw [] o

80 - .
< 2

o . < 60 .
40 .

| v x=0.5

70 " ) 1 1 1 20 s 1 L 1 N L L 1 1

0 0.2 0.4 0.6 0.8 1 6.5 6.6 6.7 6.8 6.9 7.0
X w
FIG. 9. Resistivel, of Y(Ba;_,Sr),Cu0-4 g¢as a function of FIG. 10. Resistive transition of Y(Ba,Sr,),CuO,, as a func-

x. T.=T at the midpoint of the transition. Bars represent the tem-tion of w at fixedx. The lines are guides for the eyes.
perature interval for the complete transition.

of the samples containing traces of the 123 phases with
x=0.5 is the narrowest one and the correspondiRgis  <0.75 that are responsible for the higher diamagnetic drops.
higher than the value extrapolated from thevs x plot. This  Such a hypothesis is corroborated by the fact that the transi-
corroborates the ordering between Ba and Sr found by elegion is broad(more than 10 Kand the diamagnetic fraction
tron diffraction. is small (S<20% at 5 K. The polyphasic sample witk
The value ofT for the polyphasic sample witk=0.75 =1 does not exhibit any transition either resistive or diamag-
falls exactly on theT. vs x curve. This indicates that the netic down to 4.2 K. By extrapolating to=1, the T, vs x
solubility of Sr in Y(Ba_,SK,),Cw0,, does not saturate at piot gives a value of=70 K, which is larger than that mea-
x~0.625, in agreement with the results of Vedlal,”> and  gyred by Okai T.~60 K) in the material synthesized at 7
thus could mean that, depends upon parameters other thanGpa® As pointed out by the same author, this would suggest
X. The T, onset determined from susceptibility measure-that the YS5Cu,0,, compound might be somewhat different
ments remains almost unchangedrat81 K in compounds  from the homolog YBsCuO,, .
with x=0.625. This is probably due to the polyphasic nature |ijke the x=0 compound, theT, of each Sr-substituted
material increases with increasimg Thew* doping, taken
TABLE VI. Resistive and diamagnetic T of 35 that corresponding to the high@stfor a fixedx, seems to

Y(Ba,SK),Cu0y, as a function ok andw. Letters in column 3 jncrease withx, as shown in Fig. 10 and summarized in
correspond to annealing treatments, as explained in thertede-  15p1e vII.

notes a multiphase compound and ns denotes not superconducting

down to 4.2 K.
F. Bond valence sum, stress, and hole density
Percent of . .
diamagnetic In .ord'er to see if the decrease;T@ induced by the 'Sr
Resistive Diamagnetic _shielding substitution could be understood in terms of ,a reduction of
X w, Annealing T, (K)?® onset (at 5 K) charge tran_sfer, the bond_valence sGM@BVS's) for the
different cations, as a function &fandw, were calculated. In
0 6.94 A 90.5 925 100 Table VIII we report the average Cu valences, calculated
0 6.87 G 93.5 935 100 from eitherw; andw, and by assuming for Y, Ba/Sr, and O
0 6.90 R 92.6 92.4 100 the fixed valences of 8, 2+, and 2-, respectively. In the
0.25 6.96 A 89 87.2 98 same table we report the BVS values for Cul, Cu2, Ba/Sr
0.5 6.98 A 82 83 100 and Y, calculated by the formula
0.5 6.96 A 83.5 83.5 100
0.5 6.80 R 51.5 45.5 62
05 6.685 G 34 34.2 51 Vi=2 s;=2 exd(Ry—R;j)/B], (1)
0.625 6.91 A 80 81 84
0625 6.94 A 4 81.2 81.8 TABLE VII. T naas a function ok. T =T, atw=6.87 and
0.75 m A 80 81 21 w* =w at which T . Was obtained.
0.75 m R 75 81 18
075 m S 78 81 16 X T* ITe o W
1.00 m A ns ns
1.00 m R ns ns 0 1 6.87
1.00 m IS ns ns 0.25 0.89 6.96
0.5 0.85 6.96
&T at the midpoint of the transition. 0.625 0.91 6.91

bvalues at 77 K.
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TABLE VIII. Experimental and calculated valenseof Cul, Cu2, Ba/Sr, and Y as a functionxoédndw.
V; was determined by iodometric titratiod,, was determined by neutron data, ang|,s was calculated from
Eqg. (1). The constants used for calculations were taken from Ref. 26 and correspond to the follBwing.
=0.37. R,(CWP*/CU®) is equal to the weighted average of(RU/?")=1.679 andR,(Cu*")=1.73. The
Cuw**/Cu?* ratio was calculated on the basis of the measuxgd-(/,,)/2 values. R,(Ba?*/SP") is equal to
the weighted average &,(Ba®")=2.285 andR,(SrP")=2.118. R,(Y3")=2.019.

Cul Cu2
Ba/Sr Y

X-Wj-Wy Vi Vi Vevs Vi Vi Vevs Vevs Veys
0-6.93 2.29 2.29 2.30 2.29 2.29 2.19 2.17 2.88
0-6.9% 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

8RT data of Brown(Ref. 25.

b5 K data of Cavaet al. (Ref. 20.

whereV;, represents the valence of the iR, is a specific In Fig. 11 the differences between the formal valence and

parameter of the ionfor a given valenceR; is the experi- ~ the calculated BVS for the Ba/Sr and Cu sites are reported.
mental distance between the ipand the first nearest neigh- The formal valence of Ba/Sr is taken a$ 2while that of Cu
borsj, andB is a universal constant equal to 0%87TheR, is the valence measured by iodometric titration. The varia-
values were taken from Ref. 26 and are indicated in Tabléion of these differences, which is a measure of the stress, for
VIIl. For the Ba/Sr site, R, was assumed as the weighted increasing is the same as that observed for decreasirfigr
arithmetic average oR,(SP') and Ry(Ba2*). For Cu, a x=022 It is worthwhile mentioning that in both casdg
weighted average d®,(Cl?") andRy(Cu*") was calculated decreases.

from the measureav value. Based on this hypothesis, the As can be seen from Fig. 12, the average BVS for Cul
valence of Cul is almost independent fronx=0 to 0.5, and Cu2 increases with increasing Sr content. This is not in
while it increases abruptly betweer=0.5 and 0.625 from agreement with the data reported in Table VIII, where the
2.33 to 2.57. On the other hand, ferincreasing from 0 to average Cu valence, measured by either iodometric titration
0.625 the valence of Cu2 increases monotonically frompr neutron diffraction, remains constant. This discrepancy is
~2.20 to 2.36. The BVS of the Ba/Sr site decreases witHprobably due to a remnant stress in one or both CuO layers.
increasingx and reaches values very close to the formal va-BYy varying the oxygen stoichiometry from 6.98 to 6.685 in
lence of these cations &t=0.5(2.03 and 1.98 at=0.5and YBaSrCuO,, the BVS's of Ba, Y, Cul, and Cu2 decrease
0.625, respectively For x increasing from 0.25 to 0.625 the Wwith decreasingy, which is in agreement with what has been
BVS for Y remains almost unchanged &2.93. This indi-  observed in the unsubstituted compodhd.

cates that the Sr substitution almost completely reduces the

stress on the large cation layéfs. 0.3

The increase off ; with increasingw in YBa,Cu,0O,, is 0.25 —+—Cu
due to the charge transfer from the chain to the plane copper. —e—Ba/Sr
The transfer is enabled by the stress of the Ba-O layers. 0.2

According to the values quoted by Caetal,?° the BVS for
Ba in YBaCu;Og o5 is 2.18 valence units. This means that
the stress corresponds to 0.18. Thus the Ba-O interatomic 0.1
distances are smaller than the value corresponding to a for-

mal valence of 2. Consequently, the Cu2-O distances are 0.05

smaller than the value corresponding t?G@ distance and 0
the Cu2 cations can accept the extra charges of Cul coming
from the extra oxygen. -0.05]
Here we suggest that the stress of the Ba layer plays an 04
important role in the charge transfer from Cul to Cu2. The o 0.2 0.4 0.6 0.8 1

relaxation of this layer due to the Sr substitution does not
allow the substituted compounds to reach the doping level of
the unsubstituted one. This model is based on the assumption F|G. 11. Difference between calculated BVS and formal or
that the hole density on the CyQayer is the key factor measured values for the Ba/Sr and*QCW®" sites, respectively.
determiningT,. The lines are guides for the eyes.

X
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2.8 T T T T the structural parameters decrease witfust as they de-

07 L | crease when the unsubstituted compound is subjected to me-
) chanical pressure. However, in the latter case an increase of
. T. is observed. The only structural parameter that exhibits
opposite behavior with respect to the application of the two
types of pressures, mechanical and chemical, is the thickness
. of the superconducting block, which is the distance between
two Cu of the same (Cuf)(Y)(CuG,) block. TheT. depen-
dence onw for x=0.5 reveals that the same parameter in-

- creases for increasing, which corresponds to an increase of

BVS

—o—Cu2 T.. This suggests that the thickness of the superconducting
—&—Cul 7 block is not the parameter controlling, in this system.
: Short-range order has been detected by electron diffraction
0.8 1 for the compound withk=0.5. This compound exhibits the
X sharpest transition, even sharper than that of the unsubsti-

tuted compound. The BVS’s calculated as a functionx of
FIG. 12. BVS's of Cul and Cu2 as functionsxfThe lines are  reveal that the Sr substitution releases the stress of the Ba/
guides for the eyes. SrO layers and this relaxation hinders the charge transfer at a
given oxygen concentration. It is suggested that this reduc-
V. CONCLUSIONS tion of charge transfer is the key factor for the decrease of
T.. For the system Y(Ba ,Sr,),CuO,, the value ofw cor-

In-order to unveil the structural mechanism responsiblgesponding to the maximuf, increases witx, thus the Sr
for the decrease of when Ba cations are replaced by Sr in gpstitution enlarges the underdoped region.

YBa,Cu;0O,,, several solid solutions of the system
Y(Ba; _,Sr),Cu0,, were synthesized and characterized.
Monophasic samples were obtained up % 0.5. At x
=0.75 the amount of impurities is more than 50%, while the
“123” phase does not form fox=1. As x increases,T, We would like to thank T. Besagni and P. Ferro for their
decreases monotonically from 92.5 K fer=0 to 78 K for  technical assistance during the sample preparation and
x=0.75. As shown by powder neutron diffraction most of chemical analysis.
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