PHYSICAL REVIEW B, VOLUME 64, 094518

Influence of Sr substitution on the structure, charge distribution, and critical temperature
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We have investigated the influence of substitution of Sr for Ba on the structure, charge distributidR, and
in the YBaCu,Og(Y124) compound. Bond valence sum and nuclear quadrupole resonance investigations
show that the substitution of Sr causes a redistribution of charge in the structure. The number of holes located
in plane coppefCu2 and apical oxygeO1l) increases, hence the number of holes in chain cofifpet) and
plane oxygenO2 and O3 decreases. A redistribution of holes from Cul to O1 and from O2 and O3 to Cu2
takes place. The literature data for Y123 and the hydrostatic pressure effect on both Y124 and Y123 com-
pounds show that oxygen doping in Y123 and the pressure effect in Y124 increase the hole number equally on
copper and oxygen. Therefore, although the number of holes on copper Cu2 in th@l@n€s increases with
Sr doping in both Y124 and Y123, does not rise as much as expected from the amount of charge transferred
to Cu2, because of their distribution in the Cu@anes.
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I. INTRODUCTION In the present work we investigate the influence of sub-

stitution of Sr for Ba in the Y124 compound on the structure,

The family of Y,Ba,Cu,0,,.« superconductors consists charge distribution, and critical temperature. The Sr atom
of three compounds far=6, 7, and 8. The third member of (jonic radiusr;=1.36 A) is smaller than the Ba radius,(

the family (n=8) YBaCu,Og(Y124) contains a double —1 52 A)S therefore one can expect an effect of chemical

Cu0, chain instead of a single chain as in Y12Bigure 1 pressure on the structure. Unfortunately, the situation is more
shows the structure of Y124 and Y123. The second com:

complex than expected. The first high-superconductor,
pound i=7) Y,Ba,Cu;0.4.(Y247) contains alternating P b gho-sup

. ; X ; La,_,BaCuQ, exhibits a high positive pressure effect on
QOubIe and single chairswhich make its st_ructure excep- T..” In fact, a partial substitution of Sr for Ba led to an
tional because the two CyGsuperconducting planes are increase off . from 28 to 36 K& Substitution of Sr for Ba in
structurally nonequivalent. The Y124 compound is also un- ¢ )

usual among all superconducting cuprates due to the fact thgt123 anlthg-t:Wasr:ad supercondftfjctors S.hOWS a negatkl)veheffect
the oxygen content is fixed to eight in the formula unit. ThisON Te. alt o%; t_ € pressure € ect g IS positive In (_)t
is caused by the higher coordination number of oxygen incompounds": This indicates that chemical pressure is not

double chains than in single chains. Each oxygen atom hakguivalent to the application of mechanical pressure on the
three neighboring copper atoms instead of two in Y123Mmaterial. Pressure causes a charge transfer from the chains to

Y124 is a stoichiometric, intrinsically underdoped com-the planes:**However, also the hole distribution between

pound. Therefore it is possible to investigate superconductCu and O sites of CuPDplanes is important fofT., as

ing parameters as a function of substitutions without anysuggested by several authors using nuclear quadrupole
danger of an influence of oxygen nonhomogeneity. This igesonance (NQR),**'® near-edge x-ray-absorption fine
especially important for investigations on small single crys-structurel,4 as well as bond-valence sufBVS) analysis'®

tals, where a determination of the oxygen content is veryVe will discuss this below.

difficult. As we have shown in the past, differences in the Y124 shows a very high positive pressure effect on
oxygen content have strong influence on such parameter&, ,dT./dp=5 K/GPal® A comparison of the effects of
like y or the irreversibility fieldH,, .> Our investigations of chemical and mechanical pressure on Y124 and Y123 is pre-
superconducting parameters performed on Y124 single cryssented. Y124 is one of the few compounds where Sr substi-
tals show a higher anisotropy than Y1235 12 for unsubsti- tution increased, although structural changes are similar
tuted crystal$,in line with the underdoped nature of Y124. to those in Y123. Investigations of the substitution of Sr for
Investigations on single crystals are crucial for the determiBa in Y124 and Y247 have been performed in the past on
nation of superconducting parametetgenetration depth,  polycrystalline sample¥,*°which made investigation of in-
coherence lengtl§,H;,, and theH-T phase diagram. Powder trinsic physical parameters difficult. In our work structural
samples usually contain foreign phases, and influence dfivestigations are performed on single crystals, which are
granularity effects on magnetic properties is unavoidable.later used for investigation of superconducting paramegers
Due to the high anisotropy of superconducting parameters &, & andH;, ,%° while NQR was performed on polycrystal-

is very difficult to measure intrinsic parameters of these comline samples because of the required larger mass of the
pounds on such samples. sample.
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works in an argon atmosphere at exactly the same pressure as
the oxygen. This apparatus can work upPg,< 3000 bar at

T<1300°C. Typically we grow crystals a?t’02=900 bar.

The melting temperature of the flux at this pressure is about
1100 °C. A crucial problem is the choice of the crucible ma-
terial. All known ceramic materials react with the molten
Ba-Cu-O flux. After many experiments with &, ZrO,,
BazrO,;, and Y,05 crucibles the best results were obtained
with Y,O5; ones. These crucibles react also with the molten
flux forming the Y,BaCuQ phase, but do not dope crystals
with foreign elements. The typical temperature run consists
of (1) heating up to 1000 °G(2) dwelling for half an hour,
(3) heating up to 1100-1120 °@4) dwelling for 1-3 h,(5)
slowly cooling down to 1080—1090 °C with a rate of 1-2 °C/
h, and(6) cooling down to room temperature with a rate of
5°/min. Crystals of a size up to several mm and weight up to
3 mg have been obtainéd.

Synthesis of polycrystalline Y124:Sr samples has been
done at high oxygen pressure. As a precursor we used a
mixture of Y123:Sr (prepared atP02= 1bar) and CuO

(99.99%, Aldrich. Pellets of the starting materials, with a
total mass of about 3 g, were placed into the crucible and
subjected to the high-pressure oxygé-‘rb$= 450 bar), high-

temperature T=1000 °C) treatment for 40 h.

2734 o B. Structural investigations

Several crystals with different Sr content from different
crystal-growth experiments were chosen for single-crystal
x-ray analysis. The description of the x-ray single-crystal
experiments is given in Table I.

Cul, 04 .

BaOl Cell parameters for each crystal were obtained from one
’ and the same set of 23 reflections, the positions of which

5“2’02'3 were determined using standard SET4 proced@rand hkl

ranges for all experiments were the same. Absorption correc-
_ tion was applied in each case according to the shape of each
> - © crystal. The total number of reflections was about 5000.
b) Y;Ba,Cu 403 Some reflections in each data set were excluded from refine-
ment according to the following criteria. Reflections, whose
intensity were determined with an attenuatéoom 2 to 6
depending on a samplevere not used in refinement. Profiles
Il. EXPERIMENT of all reflections in each set were visually checked. Reflec-
tions that had only one compone(gither Kal or Ka2)
were eliminated from refinement too as well as reflections
For the growth of Y124 and Y124 Sr crystals we used athat had no right profiléfrom 20 to 50 depending on the ket
nonstoichiometric flux technique, a BaO-CuO eutectic mix-The last criteria deals with the number of equivalents. If the
ture has been used as a flux. The total composition of thaumber of equivalent reflections were hédf lowern of the
samples corresponds to a metal ratio Y:Ba:Cu equal t@ossible number of reflections, reflection was rejected. The
1:15:30. In the case of Sr-substituted crystals, a part of B&otal number of eliminated reflections did not exceed 10% of
was substituted with Sr. Several Ba:Sr ratios were used: 15:1he totally observed for each crystal.
8:1, 5:1, 4:1, 3:1. As a precursor, we used mixtures of Y123 The structures were refined byANA2000 program
(99.9% Aldrich, BaO,, SrO, and Cu(Q(99.99%, Aldrich. ~ packag€? Starting parameters were taken from Ref. 23.
Pellets of starting materials with a total mass of about 20 gcach structure was refined with isotropic atomic-
were placed into the crucible and subjected to a highdisplacement parameters; then Ba content was refined for
pressure oxygen treatment. According to the phase diggrameach caséSr content was considered to be &, wherex is
for the growth of Y124 crystals, high oxygen pressure aboveBa occupancyand finally simultaneous refinement of occu-
500 bar is necessary. The high-pressure system consists opancies and anisotropic displacement parameters was under-
double-chamber vessel. The internal chamber is made alken. Then the compositions of the crystals were corrected,
Al,O; and contains oxygen at high pressure. The furnacebsorption corrections were applied, and the refinements

FIG. 1. Structure ofa) YBa,Cu;0;_ 5 and (b)YBa,Cu,Og.

A. Crystal growth
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TABLE I. Summary of crystallographic information for(Ba, _,Sr),Cu,Og phases.
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Sr contentx

Crystal system

Space group

aA)

b (A)

c(A)

z

dcalc
Radiation/wavelenghth
6 range for parameters refinement
Temperature K

Crystal form

Crystal size(mm)

Color

Diffractometer

Scan mode
Absorption correction
0 range(data collectioh
Range ofh,k,!
Exctinctionx 10°

Rint

Refinement on

R/IR, [1>30(1)]
Gof/wGof

No. of parameters
Nref/Npar

(A10) max

AT ey (€/A73)2 positive/negative

0

3.84022)
3.87023)
27.228330)

6.118

0.39x0.11x0.03

0.6789)
0.03

0.014/0.019
0.97/2.68
42
24.21

1.06/2.02

0.11 0.16
Orthorhombic
Ammm
3.82992) 3.82322)
3.86762) 3.86442)
27.170720) 27.138720)
2
6.062 6.043
Mo &/0.71073 A
17.1-34.9
293
Plate
0.26<0.12x0.02 0.28<0.13x0.02
Black
CAD4, Graphit monochromator
w/1.330
Analyticalcrystal shape
2-50
-1—-h—8. —8—k—8. —58-1—58
0.4746) 0.2186)
0.028 0.033
F
0.015/0.019 0.016/0.018
1.01/2.61 0.78/2.38
34 43
28.79 22.72
0.0005
1.44/2.19 1.01/1.42

0.31

3.808@1)
3.86012)
27.058824)

5.967

0.34<0.15x0.065

0.1535)
0.031

0.020/0.026
2.82/3.75
43
22.35

1.45/1.53

3Maximal electron density for oxygen atoms ranging from 20.7 to 33.4 &tfepending on the structure and site.

were repeated. If necessary this procedure was repeated once

more until changes in composition did not occur.

and probability density function®DF’s) were calculated. In

atoms. For three structures, negative regions at Ba-site PDF
maps had negative values less than 1% of the maximal prob- TS
ability, and anharmonic displacement parameters were a
cepted. For the YBggSI, - Lu,Og crystal such negative re-

gions were about 5—-7 % of the highest probability value an
cations in this structure were refined in anisotropic approxi-
mation of atomic displacement parameters. At the final stag
Ba and Sr occupancies were refined independently. In a

C. Nuclear quadrupole resonance

. : . ) The frequencyrg of a NQR signal depends on the prin-
All cations in each structure were refined with anhar—cipa| component¥;; of the electric-field gradierEFG) ten-
monic displacement parameters up to the fourth harmonigor present at the nuclear site of the atom. For the two natu-
rally occurring nuclear spif-copper isotope&Cu and®*Cu

all structures Y, Cul, and Cu?2 sites showed Iarge negatiVﬁ]easured in our experimemQ is gi\/en by the expression
regions, and anharmonic refinement was rejected for these

. eQV;,

electric quadrupole moment.

1+1%

?—]ere, 7 is the asymmetry parameter defined as (V,y
q Vyy)IV,,, where|V,|=|V,,|=|V,,| andeQis the nuclear

The EFG tensor consists essentially of two contributions,
ne coming from the charge distribution of the surrounding
ns in the crystal lattic€lattice contribution and the other

cases the total occupancy (B&r) of the Ba site was close gising from the on-site electron distribution in the incom-
(or below to 1 within two standard deviations. Finally the petely filled electronic shell of the Cu atofaalence contri-
total occupancy of that site was considered to be full and th%ution). Therefore, the EFG and heneg are very sensitive

sum of partial occupancies was constrained.

Table Ill. The detailed description of the structures will be

given in a separate paper.

to the variations in the oxygen coordination, Cu-O bond

The refined atomic parameters are given in Table II; in-ength, and the electronic structure, and can thus deliver
teratomic distances, selected bond angles, and separation\afluable information about the microscopic effects of ion
some atoms from the CyOweighted plane are given in substitutions, doping, lattice distortions, etc.

The NQR experiments were performed on the Cu nuclei

in zero magnetic field by using a standard pulsed spectrom-
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TABLE Il. Refined atomic parameters of Sr-substituted 124 phases.

Sr contentx 0 0.11 0.16 0.31
Refined composition Ba Bay 75515 22 Bay 6e505 32 Bay 36505 62
EDX analysis Ba Bay 765,24 Bay 65510.32 Bay 425l 58
U 11,Y/%,%,0) 0.004 796) 0.005 1@6) 0.005 717) 0.005 087)
Uy,Y 0.004 446) 0.004 586) 0.004 116) 0.004 496)
Uss,Y 0.005 846) 0.005 086) 0.006 686) 0.007 126)
%,% z, Ba 0.134 818) 0.134 9363) 0.1349027) 0.134 0367)
U,,Ba 0.006 989) 0.007 693) 0.0095311) 0.008 0811)
U,,,Ba 0.005568) 0.006 063) 0.005 6@9) 0.006 2811)
Us3,Ba 0.008 38) 0.009 1@3) 0.0107610) 0.0120%12)
0,0,z Cul 0.212 97&) 0.212 9266) 0.212 8996) 0.212 8467)
U,,Cul 0.012 097) 0.014 748) 0.016 749) 0.018 7810)
U,,,Cul 0.004 3%) 0.004 366) 0.004 236) 0.004 717)
Uss,Cul 0.004 8%) 0.005 115) 0.005 815) 0.006 666)
0, 0,z Cu2 0.061 538%) 0.061 7966) 0.061 98%6) 0.062 2976)
U,;,Cu2 0.003 9¢5) 0.004 2@5) 0.004 7%6) 0.004 456)
U,,,Cu2 0.00355) 0.003 7@5) 0.003 236) 0.003 646)
U3, Cu2 0.007 5&) 0.007 876) 0.008 326) 0.008 486)
0,0,z O1 0.145 4%4) 0.145234) 0.145 244) 0.144 874)
U,;,01 0.012 74) 0.017 §5) 0.020 85) 0.025 26)
U,,,01 0.008 ®3) 0.012 74) 0.010 34) 0.012 &4)
Us3,01 0.006 83) 0.006 64) 0.006 93) 0.007 33)

%, 0,z 02 0.052 314) 0.052 4@4) 0.052 584) 0.052 644)
U,1,02 0.004 &) 0.004 43) 0.005 43) 0.004 §3)
Uy, 02 0.006 §3) 0.006 23) 0.006 33) 0.006 §3)
Us3,02 0.01063) 0.012 @4) 0.012 94) 0.01354)
0, %, z, O3 0.052 374) 0.052534) 0.052724) 0.052 884)
U;.,03 0.007 @) 0.007 74) 0.008 43) 0.008 44)
U,,,03 0.004 63) 0.004 33) 0.003 43) 0.004 23)
Us3,03 0.009 ®) 0.009 63) 0.011 @3) 0.011 43)
0,3 2z 04 0.217 964) 0.217 934) 0.217 814) 0.217 794)
U;.,04 0.024 85) 0.027 56) 0.029 §6) 0.03297)
U,,,04 0.006 43) 0.006 33) 0.005 &3) 0.006 §3)
Ugs, 04 0.007 @3) 0.007 33) 0.007 73) 0.008 @3)

eter and employing the spin-echo technique. Scanning thBoth single crystals and powder samples show such an ef-
spectrometer frequency in 100-kHz steps, the complexfect. Possible explanation can be the influence of disorder
valued spin-echo signals were measured in quadrature amgleated by the substitution, which is competitive to the
afterwards integrated over time. By plotting the magnitude ofcharge-transfer effect and can decred@se’* However, for

the echo integral versus frequency we obtained in a pointsingle crystals these variations are more pronounced. Unsub-
wise fashion the NQR line. stituted Y124 single crystal has an effective critical tempera-
ture T, =77.7K, which decreases by about 1.7 K after
substitution of 12% Sr for Ba. After substitution of 30% Sr
Te eff iNCreases up to 80.5 K. The whole change is 4.5 K. For
A. Determination of T unsubstituted polycrystalline sample .=80.5, which de-

The transition temperature of the crystals was determine@feases by about 0.7 K after substitution of 10% Sr. After
by superconducting quantum interference device magnetonsubstitution of 30% SiT . increases up to 81.2 K. The
etry. The magnetization was measured as a function of tenwhole change is 1.4 K, which is 31% of this for single crys-
perature in an applied field of 1 Oe—both zero field and fieldtals. The reason for this difference can be a different distri-
cooled. Figure 2 shows zero-field-cooled magnetizatiorbution of Sr in single crystals and powder. Single crystals
curves of single crystaléa) and powder sampleg). The  have been grown from the melt at 1100 °C. In a melt one can
critical temperaturdl . of Y124 samples with small Sr con- expect homogeneous distribution of all components. Poly-
tent (x~0.1) is lower than unsubstituted ones; samples witrcrystalline samples have been obtained at 1000 °C in a solid-
higher Sr contentX=0.2) have higheil; than pure Y124. state reaction. The diffusion of components in a solid state is

Ill. RESULTS AND DISCUSSION
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TABLE IIl. Interatomic distances, selected bond angles, and separation of atoms fropnwe@ighted
plane.
X, Sr content 0 0.11 0.16 0.31
Y-02 Ax2 2.40286) 2.40146) 2.40200 2.3987)
Y-03 Ax2 2.39176) 2.38836) 2.38717) 2.382Q7)
Ba-01 Ax4 2.74147) 2.73588) 2.732%9) 2.72488)
Ba-02 Ax2 2.96508) 2.96128) 2.953710) 2.94699)
Ba-03 Ax2 2.95408) 2.94628) 2.937510) 2.925@8)
Ba-04 Ax2 2.96868) 2.95848) 2.952410) 2.94189)
Cul-O1 A 1.838610) 1.839410) 1.836110) 1.839512)
Cul-04 A 1.8808L0) 1.878710) 1.8805811) 1.877Q11)
Cul-04 Ax2 1.939910) 1.938610) 1.936811) 1.934712)
Cu2-01 A 2.284810) 2.266910) 2.259510) 2.234210
Cu2-02 Ax2 1.9365%8) 1.931910) 1.928610) 1.92218)
Cu2-03 Ax2 1.95118) 1.950%10) 1.948510) 1.94688)
CuG, plané-02 A —0.245 —0.249 —0.249 —0.256
CuO, plané-03 A —0.243 —0.246 —0.246 —0.249
CuG, plané-Cu2 A 0.006 0.006 0.006 0.006
Cu0Q, plané-Cu2 A 10.270 10.233 10.211 10.164
Next perovskite block
Cu0Q, plané-Ba A 2.002 1.993 1.985 1.971
Neighboring layer
CuG, plané-Ba A 8.274 8.246 8.232 8.198
Next perovskite block
CuQ, plané-Y A 1.669 1.673 1.676 1.680
Cu2-02-Cu2(deg 165.09 164.81 164.79 164.37
Cu2-03-Cu2(deg 165.30 165.16 165.17 164.96

ANeighted CuQ plane.

much slower than in a melt. Therefore one can expect somstructure(b axis direction is the most rigid part of the Y124
nonhomogeneity in the distribution of Sr atoms. In fact thelattice. The different extents of contraction in the lattice di-
susceptibility curve for polycrystalline Y124 with 30% Sr is mensions of the Y(Ba.,Sr,),Cu,Og phases indicate that the
relatively broad, which indicates some disorder or nonhomoeffect of chemical pressure resulting from the substitution of
geneity. In generall of Y124 single crystals is slightly Sy for Ba is rather anisotropic. This finding is in an accor-
lower than in polycrystalline samples of the same composigance with the data on the Y247 systémnd contradicts the
tiqn. This problem hgs been investigated in the ﬁhst. behavior observed in the Sr-doped Y123 systrn the
Single-crystal x-ray refinement shows that the occupation Ofyyier case, the shrinkage of the lattice parameters was found
the Cu2 site can be slightly lower than 100% due o SOM&q pe 4imost isotropic. The strain, or orthorhombic distortion,
sy_bsntutpn from crumbl'e material, which can contain impu- 4o asS=2(b—a)/(b+a) increases with increasing Sr
rities leading to a lowering of ;. content[Fig. 3(b)], which is similar to the trend observed in
the Sr-substituted Y247 systéfrand powder Sr-substituted
B. Structural characterization of the single crystals Y124 samples/*8 On the other hand, this is in contrast to

The results of the structural refinement of the crystaldhe behavior reported on Y(Ba,Sk),Cl0,,*® where S
with different Sr content are presented in Table I-IV. Figurewas found to be a nonmonotonic function>of
3(a) displays the variation of the unit-cell volume as a func-  The buckling of the Cu@planes does not exhibit a con-
tion of Sr concentration. Lattice parameters decrease linearlgiderable variation as a function xf The values of the Cu2-
with increasing Sr content due to the difference in ionic radiiO2-Cu2 and Cu2-O3-Cu2 angles are about the same, both
of Ba (1.52 A) and Sr(1.36 A).° The changes of lattice being around 165°.
constants as well as of other important structural parameters From the data presented in Table IV and a comparison
for a given Sr content interval x normalized to the value at with the values corresponding to pressure-induced changes
x=0 are presented in Table IV. The extent of the latticein the Y124 structur€ some interesting observations can be
shrinkage was evaluated to be 2.7%, 0.9%, and 2.2% per Sirawn: Substitution of 30% Ba with Sr is equivalent to the
atom per formula unit for the crystallographé; b, andc  application of an external pressure of about 2.2 GPa. A com-
axis, respectively. The shrinkage of theaxis is less pro- plete substitution X=1) would induce a change of the pa-
nounced than the reduction of tleandc axis. This can be rameters equivalent to the application of about 9.3 GPa ex-
explained taking into account the fact that the double-chairternal pressure.

094518-5



J. KARPINSKI et al.

0.0 y on
: f’
0.2
[] o
z /
S 044 °
: |
Q
S 0.6 o °
E . o/ ;>/ —e— unsubstituted Y124
2 081 / J o8 —o—12%S8r
= ] a 0 —o—21% S
1.0 —&REQW“‘WW ~—0—30% Sr
'1 2 T T T T T T M T T T M T T M T T 1
72 713 74 75 76 77 78 79 8 81 82 83 84
() T (K)
(x=0)
T o (x=0.1) *" L T, (x=03)
0.00 } o gc
o 0/0/0'
-0.05 ~
& 010
= )
S ousA
S ] —X— unsubstituted Y124
p 020 —0— 10% Sr
—s— 20% Sr
-0 30% Sr
-0.25
5/
-0.30 T / T / T T T T T 1
76 77 78 79 80 81 82 83 p:23
(b) T K

FIG. 2. Magnetization of ¥Ba, _,Sr,),Cu,Oq (a) single crystals
and (b) powder with various Sr content.
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The distance between CyPlanes increases as a function
of Sr content, hence the thickness of the superconducting
block (the Cu2-Cu2 distangencreases.

IV. THE INFLUENCE OF Sr SUBSTITUTION ON CHARGE
DISTRIBUTION IN THE STRUCTURE FROM BVS
CALCULATION

A very useful method for the determination of charge dis-
tribution in the structure is the concept of BVS, which was
developed by Brown and Alterm&t.The BVS method was
successfully applied for various compounds by Caval?®
Tallon!® and Karppinen and Yamaucifi Using this method
it is possible to describe the distribution of holes between
various structural elements like the CuQ@lanes in the
infinite-layer block and the charge-reservoir block.

The bond-valence surg; of bonds between atom®r
ions) i andj in a solid matrix is calculated from experimental
bond lengths;; (in A) as

Vi== > s;=%2> exd(R]—r;;)/0.37], 1)

where Rioj (in A) is an empirically determined parameter,
specific for each differentj pair of ion atomg? Positive
values are given for metal atoms and negative values for the
oxygen atoms.

According to Browr?! using Eq.(1) it is possible to de-
termine the distribution of charge between Cu atoms after
applying three corrections.

(1) The parameter®, have been determined at room tem-

. . : perature. Bond length determined at other temperatures must
Figure 4 shows the fractional change of different bondbe corrected to room temperature.

lengths as a function of Sr content. The biggest change oc- I
curs for the Cu2-O1 bond. Also noticeable changes are foung (2) The values ofR, depend on the oxidation state. For
u valence between 2 and(8r 1 and 2 one has to use

for the Ba-O4 and the Cu2-O2 bonds. ) )
gorrections. For the calculation of the average valence of

An important modification of the structure is the decreas
of the thickness of the charge reservefig. 5), defined as copper(for the case of the valence between 2 andre has
to use the equation

the part of the unit cell between the weighted Guyflanes,
including the CuO chains and the Ba/Sr atoms. With increas-
ing Sr content, the superconducting blocks are coming
closer, which leads to a better coupling. One can therefore
expect a lower anisotropy of the crystals. In fact investiga- Wherey is the fraction of CG® and (1-y) the fraction of
tions of superconducting parameters show a decrease of Cu™2. ParameteN, is the BVS of copper calculated using
from 12 for nonsubstituted Y124 to 9 for Sr-substituted Y124R,(Cu*?), V5 is the BVS of copper calculated using
crystals?® R,(Cu™). The valence of Cu is thus

y=(V,—2)/(V,+1-V;), (2

TABLE IV. Compressibility of lattice parameters and bonds in the family ¢fBé; _,Sr),Cu,054 s
compounds as a function of Sr contentd(Cu2-01), distance between Cu2 and O1 atoms.

Y124 present Y124 powder Y123 Y247

Parameter work (Ref. 17 (Ref. 29 (Ref. 25
(Aa/Ax)/ag —-27.6x10°% —-24.1x10°°® —19.6x10°°% —28x10°3
(Ab/AX)/bg -9.2x10°% -10.3x10°% —17.5x10°° —14x10°8
(Ac/Ax)/cy -21.6x10% -18.6x10% —-20.2x10°%® —33.9x10°°
(AVIAX)IV, -58.1x10% -52.7x10°% -56.8x10°% —72.6x10°°
[A(Cu2-01)Ax]/d(Cu2-01) —57.7x10°3 —60.8<10° 3
[A(Cu2-Cu2)Ax]/d(Cu2-Cu2) +21.1x10°3 +27.9<10°3
[A(Ba-04)/Ax]/d(Ba-04) —31.1x10°3
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V=3y+2(1-y)=2+y=(3V,—2V3)/(V,+1-V3). and O sites within the Cu{planes was suggested by several
(3)  authors using NQR investigatiofis® as well as BVS
analysist®

The valuesV(Cul) andV(Cu2) calculated in this way are  The NQR analysis of Zhenet al,*? showed that ratio of
shown in the Table Ill. Both valencé$(Cul) andV(Cu2)  number of holes on copper to number of holes on oxygen in
increase with Sr content, which is in disagreement with theplanes n(Cu)/21(0) increases from YB&£u0O; to
NQR data, which show an increase of hole number in Cu2yBa,Cu,0Og. SimultaneouslyT. decreases. In order to in-
while the hole number in Cul decreases. The reason of thisreaseT . significantly, the number of holes on both copper
discrepancy can be strain in the lattice. and oxygen in planes has to increase. In fact, NQR investi-

(3) Correction of the BVS of copper for the strain. gation of Y124(Zhenget al®) leads to the conclusion that at

If the bonds length are strained they will not correlatehigh hydrostatic pressure the number of holes on both Cu
properly with the bond valence. A procedure proposed byand O sites increases without changing tif€u)/2n(0) ra-
Brown® is as follows: After calculating the average BVS of tio causing a larger increase ®f .
Cu using correctiongl) and (2) one has to calculate the In order to investigate the distribution of holes between
average BVS of Cu from the stoichiometry for a given com-copper and oxygen as a function of Sr content we have cal-
pound. This is 2.25 for Y124. If this value differs from the culated the BVS of all four oxygen atoms using a weighted
average BVS Cu calculated from structural data, one shouldalue of theR,(Cu’"™e-0"?) parameter, where Vtrue is the
add(subtrac} the difference to each BVS of Cu. This is with V(Cul,2)value(Table V) after the correction for stress. The
the assumption that the influence of stress is equal on all Cresult shows that the BVS of Ofhpical oxygeh increases,
sites. The result is shown in the Table V and Fig. 6 ashe BVS of plane oxygen atoms 02,3 decreases, while the
V(Cul,2)true value. One can see that after correction, theBVS of chain O4 oxygen does not change. This indicates a
BVS of Cul decreases and the BVS of Cu2 increases with Sedistribution of the charge between copper and oxygen at-
content by the same value, which is in agreement with NQRoms with Sr substitution. The BVS of Ol increases from
data. —2.044 t0—1.985 indicating a charge transfer from Cul to

The holes, which are responsible for superconductivityO1. The BVS of O2 decreases from2.054 to—2.087 and
may be placed either on Cu or on O atoms in the €uOthe BVS of O3 decreases from2.045 to—2.069, indicating
planes. The importance of the hole distribution between Cwa charge transfer from O2 and O3 to Cu2.

a Cu2-Cu2 =< ~
0.5 -] < 10.234 \,\
(&3
£ e ° 1
o oo0de 'C“1'O1 2 10.26 \\
Pl ' W N =
o ] g & Cu2-03 2 1 Y
2 Q\ o 10.24
2 .05 9 '\
Cu2-02 o 1
o ] o -
e
o 10.22 4 '\
£ 1.0+ Ba(Sr)-04 >
5 ] g
=) 10.20 |
2 s S
< [=]
i 20 @ 10.18 4
° 04
& = Cuz2-0f o 1 LN
S 10.16 4 \
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FIG. 4. Change of different bond lengths as a function of Sr FIG. 5. Charge-reservoir thickness in théB4, ,Sr,),Cu,Og
content in YBa _,Sr,),Cu,0Oq crystals. crystals as a function of Sr content.
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TABLE V. Bond valence sumgBVS's) of copper and oxygen in Ba, _,Sr),Cu,Og. V,Cul,2, BVS ofCul,2 calculated with
Ro(Cu™%-0?); V,5Cul,2, BVS of Cul,2 calculated witlR,(Cu™3-0%). VCul,2, BVS of Cul,2 calculated from the forr8);
VCu(average= (VCul+VCu2/2; VCul,2 true,VCul,2+strain correction; BVS QR,(Cu’""®-0%), BVS of oxygen calculated with
VCuil,2 true; BVSR,(Cu*?2%0?), BVS of oxygen calculated witk'Cu™?25% V(plang, number of holes in the Culane calculated from

Eqg. No.(4).
VCu Strain

X, Sr V,Cu2 V,Cu2 V,Cu2 V,Cul V,Cul VCul (averagg correction VCuZ2true VCultrue
0 2.150 2.468 2.220 2.218 2.546 2.324 2272 —0.022 2.198 2.302
0.11 2.175 2.497 2.258 2.223 2.551 2.332 2295 —0.045 2.213 2.287
0.16 2.192 2.516 2.285 2.231 2.560 2.344 2.315 -0.0645 2.221 2.280
0.31 2.230 2.559 2.342 2.236 2.566 2.352 2.347 —0.097 2.245 2.255

BVS O1 BVS 02 BVS O3 BVS O4 V plane

RO(Cthrue_ RO(CU+2.25_ RO(Cthrue RO(CU+2.25_ RO(Cthrue_ RO(CU+2.25_ RO(CUVtrue_ RO(CU+2.25_

07 07 -073 079 07 079 079 079
0 2.044 2.039 2.054 2.059 2.045 2.051 1.953 1.938 0.099
0.11 2.022 2.013 2.062 2.064 2.050 2.052 1.952 1.939 0.101
0.16 2.020 2.003 2.071 2.070 2.058 2.057 1.952 1.938 0.092
0.31 1.985 1.962 2.087 2.081 2.069 2.062 1.948 1.938 0.089

The introduction of the stress correction only for Cu canindependently of Sr content. Stress created by Sr substitution
raise a question about the necessity of additional stress codoes not influence the average BVS of oxygen calculated in
rections for oxygen. The average BVS of oxygen is 2.023hat way.

+0.002 and has the same value for all measured crystals Using these data we can calculate the total number of
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FIG. 6. Change of the BVSAs) of copper and oxygen as a
function of Sr content in ¥Ba, _,Sr,),Cu,0Oq crystals.(a) BVS of
plane Cu2 and 02,3b) BVS of chain Cul and O1,4.

holes in the plane. Let us assume that number of holes in
copper in plane is(Cu2)=V(Cu2)—2 and number of holes

in oxygen in plane isn(02,3)=—V(02,3)+2. Figure 6
shows the change of the number of holes per atom as a
function of Sr content. Total number of holes in the plane is

V(plane =n(Cu2)+n(02)+n(0O3)

=V(Cu2)—V(02)—V(03)+2. (4)

The result is shown in Table V. In this model charge in the
plane and in the chain remains almost constant and only
redistribution of charge between copper and oxygen within
the plane and the chain occurs. The strain correction has a
significant influence on the final result. Without strain cor-
rection the increase of the BVS of Cu2 is largAWV(Cu?2)
=0.122 hole per copper fakx= 0.3 (instead of 0.047and

the total charge in the planes increases bdy(plane)
=0.089 hole if we calculate BVS 02,3 using
Ro,(Cu™22207?). This seems to be nonrealistic.

Hence, there are two macroscopic parameters important
for T : the total number of holes in the Cy(@lanes and the
distribution of holes between oxygen and copper sites. For a
fixed number of holes in CuQplanes,T. increases with a
preferential hole distribution on oxygen sites.

In the case of Sr substitution in Y124, the total number of
holes in the plane seems to be constant. Substitution of Sr for
Ba increases number of holes in plane copper Cu2, but de-
creases the number of holes located in plane oxygen 02,3.
Finally, T, increases only by 2—3 K. If we are able to shift
more holes from copper to oxygen, could rise more.
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doping with O and Sr. An increase of the oxygen content
causes a nearing of Cy(lanes and shortening of these
bonds. For all plane Cu and O atoms, the BVS increases.
With increasing Sr content the Cy@lanes are going apart
and the 02,3-Y bond increases. This structural difference is
connected with the change of the hole distribution in the
CuG, planes. Hence, the BVS increases for Cu2, but de-
creases for 02,3 and consequently more holes are located on
Cu2.

VI. COMPARISON OF THE PRESSURE EFFECT AND Sr
SUBSTITUTION ON THE STRUCTURE, BVS, AND
T. IN Y124 AND Y123

The variation of the structure of the compounds Y123 and
Y124 as a function of Sr substitution is very similar, but the
T. behavior is different. With increasing Sr conteRt de-
creases in Y128532put slightly increases in Y124. As both
compounds have a positive, dependence on pressure, we
can try to find differences by a comparison of pressure and

0.08 - /
]

0.06

0.04 -

0.02 - /

0.00 - a\

] T
003 03
-0.04 02
o0 o1 02 08 04 05 o8
(b) X, St content

substitution effects on the structures of both compounds. In
the case of underdoped Y123 crystal§./dp=4-6 K/
GPa. Optimally doped material had§./dp close to zero.

As discussed by Marezio, Licci and GauZ#zhe application

of pressure on Y123 in comparison to the substitution of Sr
for Ba leads to the following structural changes.

(1) Chemical pressure leads to an almost isotropic con-
traction of all three lattice parameters. The contraction of the
¢ axis at high pressure is more than twice of those observed
along the other two axes.

(2) The thickness of the superconducting block, the Cu2-
Cu2 distance, increases with Sr substitution and decreases
29). (b) Change of BVS of plane atoms in(Ba,_,Sr),C0s,,  With pressure. In this case the effect of Sr substitution and
as a function of Sr content. Structural data from Lietial. (Ref. ~ Pressure are opposite.

26). (3) The complete substitution of Sr for Ba would induce a
variation of the lattice parameters equivalent to an external
pressure of about 1 GPa.

(4) The apical bond length Cu2-O1 decreases with both
substitution of Sr for Ba and pressure.

For Y124 T, increases with pressuretT,/dp=5.5K/

The importance of the hole distribution within the planes,GPa. The application of pressure on Y124 in comparison to
not only the total number of holes, can be shown in thethe substitution of Sr for Ba leads to the following structural
example of Y123:Sr compound. Using data of Catal?®  changes.
and Licci et al”® we have calculated the change in BVS of (1) Chemical pressure leads to an anisotropic contraction
Cu2, 02, and O3 as a function of Sr and O content. Figuref lattice parameters: the contraction bndirection is three
7(a) shows theAS as a function of oxygen conten in  times smaller than the contractionarandc directions. From
YBa,CwOg, 5. All BVS’s increase with oxygen content, the data of Nelmest al?’ the compressibility irb direction
showing a well-known two-plateau dependence similafdo is 3.5—4 times smaller than that énandc direction.
behavior. The hole concentration on Cu2 anél iGcreases (2) The thickness of the superconducting bldthke Cu2-
with oxygen doping. Cu2 distanceincreases with Sr substitution and decreases

The distribution of holes is very different after the substi- with pressure. In this case the effect of Sr substitution and
tution of Sr. Figure ®) showsAS of Cu2, 02, and O3 as a pressure are opposite.
function of Sr content. We did not introduce corrections for  (3) The substitution of 0.3 Sr for Ba induces a variation of
the stress in the Liccet al?® data. The BVS of Cu2 in- the lattice parameters equivalent to an external pressure of
creases, but the BVS of the plane oxygen atoms decreases?2 GPa.

This is similar to Y124:Sr as shown before. A significant  (4) The apical bond length Cu2-O1 decreases with substi-
change of the charge distribution in the Gu@anes takes tution of Sr for Ba and pressure.

place. The difference in the BVS of plane Cu and O atoms is Both Sr substitution and high pressure lead to an increase
related to the different dependence of the out-plane bondf the hole concentration in Cu in the planes. However, the
length Cu2-O1, 02,3-Ba/Sr, and O2,3-Y as a function ofdistribution of holes between copper and oxygen is different.

ABVS

FIG. 7. () Change of BVS of plane atoms in YB2u;Og, 5 as
a function of oxygen content. Structural data from Caval. (Ref.

V. THE EFFECT OF DIFFERENT DISTRIBUTION OF
HOLES IN CuO, PLANES AS A FUNCTION OF
OXYGEN AND STRONTIUM DOPING IN Y123
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The most important difference between the application ohydrostatic pressure. As for Y124T,/dp=5.5K/GPa, con-
hydrostatic and chemical pressure in both Y123 and le%equenﬂy one expects an increaseTbey about 12 K. In-
compounds is the behavior of the superconducting blockstead, we observe an increase of only 2—3 K. The reason of
The distance between Cy@lanes decreases with hydro- s js probably the increase of the thickness of the supercon-
static pressure. This brings Y atoms nearer to plane oxygegycting block with Sr substitution. Therefore the BVS of 02
and increases the BVS of O2 and O3. Chemical pressure, 4 03 decreases afid increases only a little bit.

on the other hand, increases the thickness of the supercon- A second reason why, despite of the increase of charge on

ducting block, and the distance between Y and g&plane. (fuZ by Sr substitutionT. does not increase as much as at

Therefore, the BVS of 02 and O3 decreases. Both Chemlc%lgh hydrostatic pressure, could be the introduction of disor-

and hydrostatic pressure cause a contraction of the apic . . o
bond Cu2-0O1 and an increase of the BVS of Cu2. Therefore%er in the structure through partial Sr substitution. The NQR

there is a significant difference in the hole distribution within éxperlment_s ShPW that _Sr Sl,JbSt'tUt'on (.jra_mat]cally Increases
the planes between Sr-substituted crystals and crystals und&® NQR linewidth, which is a clear indication of an in-
high pressure. From our BVS calculations presented in thiSreased lattice @sorder. Thls.addmonal disorder presumably
work, we concluded that with Sr substitution the number ofatténuates the increase Bf with Sr content. As shown by
holes in Cu2 and O1 increases. Due to the lack of data on théttfield, Kharlanov, and McAllistef disorder leads to a de-

R, dependence on pressure we cannot make similar calculgrease ofT in the Ln-214. Wehave investigated the influ-
tions for high pressure. The NQR investigation of Zhengence of disorder in RE12¢Ref. 34 and found thafl . de-

et al*® show that then(Cu)/2n(O) parameter of Y124 does creases with the disorder parameter.

not change with pressure, althougfCu)+2n(0O) increases,

where n(Cu) is the number of holes in Cu in planes and

n(O) is the number of holes in oxygen in planes. VII. NQR MEASUREMENTS ON Y (Ba, Sr),Cu,Oq

The main structural difference between Y123 and Y124 POWDER SAMPLES
behavior is the stiffness of theaxis in Y124 caused by the ) ) ) )
presence of double CuO chains. It is very important to use an independent method, which

Meingastet a|_33investigated the uniaxial pressure depen-Can prove the variations of hole concentration in Cul and
dence ofT of Y123 and Y124 single crystals. They showed Cu2 by substitution of Sr for Ba. The NQR frequeney of
that the strong change df; in Y124 by pressuredT,/dp  the plane copper is very sensitive to changes in the density of
=5.5K/GPa) is caused mainly by threaxis contribution, hole charge carriers in the CuQ planes. The NQR experi-
whereas due to the low compressibility in theélirection the  ments for YBaCu;O;_, and Lg_,Sr,CuQ, show thatvq of
b-axis contribution is small. The experimentdlT./dp; the plane copper nuclei shifts towards higher values with
values are dT./dp,=+(3.7-5.0)KIGPa, dT./dp, increasingn. In the YBgCuwO;_, family vo changes at 100
=+(0.3-0.4) K/GPa, andT./dp.=(0=0.7) K/GPa> K from 23.18 MHz in underdoped YB&u,Og to 31.53 MHz

The behavior of Y123 is different. For optimally doped in YBa,Cu;0,. In the La_,Sr,CuQ, system,vq increases
Y123 materiald T, /dp~0, but there are quite largeT./dp;  |inearly upon Sr doping from 33 MHz for=0 to 36.2 MHz
values occurring for uniaxial pressure within tfeeb) plane  for x=0.15. With the assumption that each Sr ion delivers a
[dTc/dpa=+(2-3) K/IGPa, dT./dpy=—(2-3)KIGPd,  poje charge carrier in Cu2 one gets a chardye,/dn
which in case of a hydrostatic pressure cancel each other du€,1 \Hz/hole. This result we can use to estimate the in-

to their opposite signs. However, since Y124 is underdope - - -
it should be compared with underdoped Y123. For under(—grease oin in Cu2 of YBg_,SCWOg When Ba is subst

doped Y123 crystals under hydrostatic pressdre./dp it:)tedetrhzgu\g(]g |30\ée:ltént gr.;l’hhoivrr:(ﬁ:fureir:cerr;t:it;f Elaggo
=4-6 K/GPa, which results from high uniaxial pressure ef- PP 8- xoholiPe Yo Y

fect alongc axis. ThedT./dp, anddT./dp, are nearly dop- kHz for x=0.3 and by_610 KHz fov<=0.6_as com_pared to_
ing independent. Both Y12@inderdoperiand Y124 have a  “Q for purex_=0 matgrlal. As one can notice the increase in
large positive hydrostatic pressure effect ©p, however Yo IS approximately linear ix (see Table V). Now, assum-
their uniaxial values are quite different. The ladj§,/dpis  INg the relatiordvq/dn~21MHz/hole also holds in the case
caused in underdoped Y123 by uniaxial pressure effect alon@f Sr for Ba substitution in YB#u,Og, one can conclude
the ¢ axis and in Y124 by uniaxial pressure effect along thethat the hole-charge carrier concentration in Cu2 increased
a axis. by 0.016 hole/Cu fox=0.3 and 0.029 hole/Cu fox=0.6.

The differences in the uniaxial pressure dependence cafince Sr and Ba are isovalent, this increase has to come from
partially explain the different behavior of. in Y123 and a charge redistribution in the structure. Thg of the chain
Y124 with Sr substitution. Sr substitution in Y123 causes arcopper decreases withfor almost the same value as thg
isotropic contraction, so contributions framandb axes can-  of plane copper increases. Simultaneously the BVS of O1
cel due to opposite signs. The Sr-induaedxis contribution increases and the BVS of 02,3 decreases. This is a clear
is much smaller than the one due to hydrostatic pressure. indication that a transfer of holes between copper and oxy-

For Y124 the substitution of Sr causes a compression ofien is taking place. The calculated charge transfer differs
the a axis, which is similar to the pressure effect. For in- when BVS and NQR results are used. This is understandable
stance, substitution of=0.3 Sr for Ba leads to a structural since both methods can still be influenced by other effects
effect that is equivalent to an application of about 2.2 GPdike volume change by substitutions, strain, etc.
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TABLE VI. NQR frequencies and linewidth of plane and ch&iCu in pure and Sr-substituted YR21,0g (Y124).

Difference between

NQR freq. of NQR freq. of 8 o(Cu2) in  ®%y(Cul) in
plane copper  Linewidth chain copper  Linewidth Sr doped and Sr doped and Charge
o(Cu2)  A%yg(Cu2) $o(Cul)  A%yg(Cul) pure Y124 pure Y124  transfer(holes

(MHz) (kHz) (MHz) (kHz) (kHz) (kHz) per copper
YBa,Cu,Og 29.770 150 20.005 56 0 0 0
YBa, 7Si.CU,0g 30.100 1140 19.660 640 330 —345 0.016
YBa, Sty {CU,0g 30.380 1350 19.375 840 610 —-630 0.029
VIIl. CONCLUSIONS main difference between Y124 and Y123. In Y123 chemical
' pressure leads to an isotropic contraction of lattice param-
eters.

The influence of substitution of Sr for Ba in the Y124  (4) Athigh hydrostatic pressur&, of Y124 increases due

compound on the structure, charge distribution, anchas to a contraction of the axis with pressure and Sr substitu-

b : tigated and 4 with the literature dat ftion leads also to the contraction of theaxis. In Y123 the
een investigated and compared wi € literature data 10f,ntraction of all axes is isotropic with Sr substitution, but

Y123 and hydrostatic-pressure effect on both compounds. the contraction of the axis at high pressure is more than
(1) The substitution of Sr for Ba in Y124 and Y123 in- twice the amount of those observed along the other two axes.
duces a variation of the structural parameters causing char@éis can explain whyl . increases slightly for Y124 with Sr
redistribution. In the planes, holes from 02,3 atoms transfegubstitution, but decreases for Y123. . .
to Cu2 and in the chain, holes from Cul transfer to(@i- (5) The apical bond length Cu2-O1 decreases with substi-
cal) atom. tution of Sr for Ba, which causes an increase of the BVS and

(2) The transition temperature slightly increases with SrhoIe number in Cu2 in both Y124 and Y123,
P gntly (6) The thickness of the superconducting block increases

content in Y124, but I_ess than expected from the increase ofn the thickness of charge reservoir decreases with Sr sub-
the number of holes in Cu2. In Y12B; decreases upon Sr stitution in both Y124 and Y123, which causes a shift of

substitution. holes from oxygen to copper in the planes.
(3) Chemical pressure leads to an anisotropic contraction
of lattice parameters in Y124: the contractionbrdirection ACKNOWLEDGMENTS
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