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Influence of Sr substitution on the structure, charge distribution, and critical temperature
of Y„Ba1ÀxSrx…2Cu4O8 single crystals
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We have investigated the influence of substitution of Sr for Ba on the structure, charge distribution, andTc

in the YBa2Cu4O8 ~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 copper~Cu2! and apical oxygen~O1! increases, hence the number of holes in chain copper~Cu1! and
plane oxygen~O2 and O3! decreases. A redistribution of holes from Cu1 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 the CuO2 planes increases with
Sr doping in both Y124 and Y123,Tc does not rise as much as expected from the amount of charge transferred
to Cu2, because of their distribution in the CuO2 planes.

DOI: 10.1103/PhysRevB.64.094518 PACS number~s!: 74.72.Bk, 61.10.Nz
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I. INTRODUCTION

The family of Y2Ba4CunO2n1x superconductors consis
of three compounds forn56, 7, and 8. The third member o
the family (n58) YBa2Cu4O8 ~Y124! contains a double
CuO2 chain instead of a single chain as in Y123.1 Figure 1
shows the structure of Y124 and Y123. The second co
pound (n57) Y2Ba4Cu7O141x ~Y247! contains alternating
double and single chains,2 which make its structure excep
tional because the two CuO2 superconducting planes ar
structurally nonequivalent. The Y124 compound is also
usual among all superconducting cuprates due to the fact
the oxygen content is fixed to eight in the formula unit. Th
is caused by the higher coordination number of oxygen
double chains than in single chains. Each oxygen atom
three neighboring copper atoms instead of two in Y1
Y124 is a stoichiometric, intrinsically underdoped com
pound. Therefore it is possible to investigate supercond
ing parameters as a function of substitutions without a
danger of an influence of oxygen nonhomogeneity. This
especially important for investigations on small single cr
tals, where a determination of the oxygen content is v
difficult. As we have shown in the past, differences in t
oxygen content have strong influence on such parame
like g or the irreversibility fieldH irr .3 Our investigations of
superconducting parameters performed on Y124 single c
tals show a higher anisotropy than Y123,g512 for unsubsti-
tuted crystals,4 in line with the underdoped nature of Y124
Investigations on single crystals are crucial for the deter
nation of superconducting parametersg, penetration depthl,
coherence lengthj,H irr and theH-T phase diagram. Powde
samples usually contain foreign phases, and influence
granularity effects on magnetic properties is unavoidab5

Due to the high anisotropy of superconducting paramete
is very difficult to measure intrinsic parameters of these co
pounds on such samples.
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In the present work we investigate the influence of su
stitution of Sr for Ba in the Y124 compound on the structu
charge distribution, and critical temperature. The Sr at
~ionic radiusr 151.36 Å) is smaller than the Ba radius (r 1

51.52 Å),6 therefore one can expect an effect of chemi
pressure on the structure. Unfortunately, the situation is m
complex than expected. The first high-Tc superconductor,
La22xBaxCuO4 exhibits a high positive pressure effect o
Tc .7 In fact, a partial substitution of Sr for Ba led to a
increase ofTc from 28 to 36 K.8 Substitution of Sr for Ba in
Y123 and Hg-based superconductors shows a negative e
on Tc , although the pressure effect onTc is positive in both
compounds.9,10 This indicates that chemical pressure is n
equivalent to the application of mechanical pressure on
material. Pressure causes a charge transfer from the chai
the planes.11,13 However, also the hole distribution betwee
Cu and O sites of CuO2 planes is important forTc , as
suggested by several authors using nuclear quadru
resonance ~NQR!,12,13 near-edge x-ray-absorption fin
structure,14 as well as bond-valence sum~BVS! analysis.15

We will discuss this below.
Y124 shows a very high positive pressure effect

Tc ,dTc /dp55 K/GPa.16 A comparison of the effects o
chemical and mechanical pressure on Y124 and Y123 is
sented. Y124 is one of the few compounds where Sr sub
tution increasesTc , although structural changes are simil
to those in Y123. Investigations of the substitution of Sr f
Ba in Y124 and Y247 have been performed in the past
polycrystalline samples,17–19which made investigation of in-
trinsic physical parameters difficult. In our work structur
investigations are performed on single crystals, which
later used for investigation of superconducting parameterg,
l, j, andH irr ,20 while NQR was performed on polycrysta
line samples because of the required larger mass of
sample.
©2001 The American Physical Society18-1
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II. EXPERIMENT

A. Crystal growth

For the growth of Y124 and Y124 Sr crystals we used
nonstoichiometric flux technique, a BaO-CuO eutectic m
ture has been used as a flux. The total composition of
samples corresponds to a metal ratio Y:Ba:Cu equa
1:15:30. In the case of Sr-substituted crystals, a part of
was substituted with Sr. Several Ba:Sr ratios were used: 1
8:1, 5:1, 4:1, 3:1. As a precursor, we used mixtures of Y1
~99.9% Aldrich!, BaO2, SrO, and CuO~99.99%, Aldrich!.
Pellets of starting materials with a total mass of about 2
were placed into the crucible and subjected to a hi
pressure oxygen treatment. According to the phase diagra21

for the growth of Y124 crystals, high oxygen pressure abo
500 bar is necessary. The high-pressure system consists
double-chamber vessel. The internal chamber is made
Al2O3 and contains oxygen at high pressure. The furn

FIG. 1. Structure of~a! YBa2Cu3O72d and ~b!YBa2Cu4O8.
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works in an argon atmosphere at exactly the same pressu
the oxygen. This apparatus can work up toPO2

,3000 bar at

T,1300 °C. Typically we grow crystals atPO2
5900 bar.

The melting temperature of the flux at this pressure is ab
1100 °C. A crucial problem is the choice of the crucible m
terial. All known ceramic materials react with the molte
Ba-Cu-O flux. After many experiments with Al2O3, ZrO2,
BaZrO3, and Y2O3 crucibles the best results were obtain
with Y2O3 ones. These crucibles react also with the mol
flux forming the Y2BaCuO5 phase, but do not dope crysta
with foreign elements. The typical temperature run cons
of ~1! heating up to 1000 °C,~2! dwelling for half an hour,
~3! heating up to 1100–1120 °C,~4! dwelling for 1–3 h,~5!
slowly cooling down to 1080–1090 °C with a rate of 1–2 °
h, and~6! cooling down to room temperature with a rate
5°/min. Crystals of a size up to several mm and weight up
3 mg have been obtained.21

Synthesis of polycrystalline Y124:Sr samples has be
done at high oxygen pressure. As a precursor we use
mixture of Y123:Sr ~prepared atPO2

51 bar) and CuO
~99.99%, Aldrich!. Pellets of the starting materials, with
total mass of about 3 g, were placed into the crucible a
subjected to the high-pressure oxygen (PO2

5450 bar), high-

temperature (T51000 °C) treatment for 40 h.

B. Structural investigations

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

Cell parameters for each crystal were obtained from o
and the same set of 23 reflections, the positions of wh
were determined using standard SET4 procedure.u and hkl
ranges for all experiments were the same. Absorption cor
tion was applied in each case according to the shape of e
crystal. The total number of reflections was about 50
Some reflections in each data set were excluded from refi
ment according to the following criteria. Reflections, who
intensity were determined with an attenuator~from 2 to 6
depending on a sample! were not used in refinement. Profile
of all reflections in each set were visually checked. Refl
tions that had only one component~either Ka1 or Ka2)
were eliminated from refinement too as well as reflectio
that had no right profile~from 20 to 50 depending on the set!.
The last criteria deals with the number of equivalents. If t
number of equivalent reflections were half~or lower! of the
possible number of reflections, reflection was rejected. T
total number of eliminated reflections did not exceed 10%
the totally observed for each crystal.

The structures were refined byJANA2000 program
package.22 Starting parameters were taken from Ref. 2
Each structure was refined with isotropic atom
displacement parameters; then Ba content was refined
each case~Sr content was considered to be 12x, wherex is
Ba occupancy! and finally simultaneous refinement of occ
pancies and anisotropic displacement parameters was un
taken. Then the compositions of the crystals were correc
absorption corrections were applied, and the refineme
8-2
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TABLE I. Summary of crystallographic information for Y~Ba12xSrx)2Cu4O8 phases.

Sr contentx 0 0.11 0.16 0.31
Crystal system Orthorhombic
Space group Ammm
a ~Å! 3.8402~2! 3.8299~2! 3.8232~2! 3.8086~1!

b ~Å! 3.8702~3! 3.8676~2! 3.8644~2! 3.8601~2!

c ~Å! 27.2283~30! 27.1707~20! 27.1387~20! 27.0588~24!

Z 2
dcalc 6.118 6.062 6.043 5.967
Radiation/wavelenghth Mo Ka/0.71073 Å
u range for parameters refinement 17.1–34.9
Temperature K 293
Crystal form Plate
Crystal size~mm! 0.3930.1130.03 0.2630.1230.02 0.2830.1330.02 0.3430.1530.065
Color Black
Diffractometer CAD4, Graphit monochromator
Scan mode v/1.33u
Absorption correction Analytical~crystal shape!
u range~data collection! 2–50
Range ofh,k,l 21→h→8. 28→k→8. 258→ l→58
Exctinction3105 0.678~9! 0.474~6! 0.218~6! 0.153~5!

Rint 0.03 0.028 0.033 0.031
Refinement on F
R/Rw @ I .3s(I )# 0.014/0.019 0.015/0.019 0.016/0.018 0.020/0.026
Gof/wGof 0.97/2.68 1.01/2.61 0.78/2.38 2.82/3.75
No. of parameters 42 34 43 43
Nref /Npar 24.21 28.79 22.72 22.35
(D/s)max 0.0005
Dr max ~e/Å23!a positive/negative 1.06/2.02 1.44/2.19 1.01/1.42 1.45/1.53

aMaximal electron density for oxygen atoms ranging from 20.7 to 33.4 e/Å23 depending on the structure and site.
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were repeated. If necessary this procedure was repeated
more until changes in composition did not occur.

All cations in each structure were refined with anh
monic displacement parameters up to the fourth harmo
and probability density functions~PDF’s! were calculated. In
all structures Y, Cu1, and Cu2 sites showed large nega
regions, and anharmonic refinement was rejected for th
atoms. For three structures, negative regions at Ba-site
maps had negative values less than 1% of the maximal p
ability, and anharmonic displacement parameters were
cepted. For the YBa1.78Sr0.22Cu4O8 crystal such negative re
gions were about 5–7 % of the highest probability value a
cations in this structure were refined in anisotropic appro
mation of atomic displacement parameters. At the final st
Ba and Sr occupancies were refined independently. In
cases the total occupancy (Ba1Sr) of the Ba site was clos
~or below! to 1 within two standard deviations. Finally th
total occupancy of that site was considered to be full and
sum of partial occupancies was constrained.

The refined atomic parameters are given in Table II;
teratomic distances, selected bond angles, and separati
some atoms from the CuO2 weighted plane are given in
Table III. The detailed description of the structures will
given in a separate paper.
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C. Nuclear quadrupole resonance

The frequencynQ of a NQR signal depends on the prin
cipal componentsVii of the electric-field gradient~EFG! ten-
sor present at the nuclear site of the atom. For the two n
rally occurring nuclear spin-3

2 copper isotopes63Cu and65Cu
measured in our experiment,nQ is given by the expression

nQ5
eQVzz

2h
A11 1

3 h2.

Here, h is the asymmetry parameter defined ash5(Vxx
2Vyy)/Vzz, whereuVzzu>uVyyu>uVxxu andeQ is the nuclear
electric quadrupole moment.

The EFG tensor consists essentially of two contributio
one coming from the charge distribution of the surround
ions in the crystal lattice~lattice contribution! and the other
arising from the on-site electron distribution in the incom
pletely filled electronic shell of the Cu atom~valence contri-
bution!. Therefore, the EFG and hencenQ are very sensitive
to the variations in the oxygen coordination, Cu-O bo
length, and the electronic structure, and can thus del
valuable information about the microscopic effects of i
substitutions, doping, lattice distortions, etc.

The NQR experiments were performed on the Cu nuc
in zero magnetic field by using a standard pulsed spectr
8-3
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TABLE II. Refined atomic parameters of Sr-substituted 124 phases.

Sr contentx 0 0.11 0.16 0.31
Refined composition Ba2 Ba1.72Sr0.22 Ba1.68Sr0.32 Ba1.38Sr0.62

EDX analysis Ba2 Ba1.76Sr0.24 Ba1.68Sr0.32 Ba1.42Sr0.58

U11,Y/ 1
2,

1
2,0! 0.004 79~6! 0.005 10~6! 0.005 71~7! 0.005 08~7!

U22,Y 0.004 44~6! 0.004 58~6! 0.004 11~6! 0.004 49~6!

U33,Y 0.005 84~6! 0.005 08~6! 0.006 68~6! 0.007 12~6!
1
2,

1
2 z, Ba 0.134 815~6! 0.134 936~3! 0.134 902~7! 0.134 036~7!

U11,Ba 0.006 95~9! 0.007 69~3! 0.009 53~11! 0.008 08~11!

U22,Ba 0.005 56~8! 0.006 06~3! 0.005 60~9! 0.006 28~11!

U33,Ba 0.008 38~8! 0.009 10~3! 0.010 76~10! 0.012 05~12!

0, 0, z, Cu1 0.212 974~4! 0.212 926~6! 0.212 899~6! 0.212 846~7!

U11,Cu1 0.012 09~7! 0.014 74~8! 0.016 74~9! 0.018 78~10!

U22,Cu1 0.004 39~6! 0.004 36~6! 0.004 23~6! 0.004 71~7!

U33,Cu1 0.004 83~5! 0.005 11~5! 0.005 81~5! 0.006 66~6!

0, 0, z, Cu2 0.061 535~6! 0.061 796~6! 0.061 985~6! 0.062 297~6!

U11,Cu2 0.003 94~6! 0.004 20~5! 0.004 75~6! 0.004 45~6!

U22,Cu2 0.003 57~5! 0.003 76~5! 0.003 23~6! 0.003 64~6!

U33,Cu2 0.007 54~6! 0.007 87~6! 0.008 32~6! 0.008 48~6!

0, 0, z, O1 0.145 45~4! 0.145 23~4! 0.145 24~4! 0.144 87~4!

U11,O1 0.012 7~4! 0.017 5~5! 0.020 5~5! 0.025 2~6!

U22,O1 0.008 9~3! 0.012 7~4! 0.010 3~4! 0.012 8~4!

U33,O1 0.006 3~3! 0.006 6~4! 0.006 9~3! 0.007 3~3!
1
2, 0, z, O2 0.052 31~4! 0.052 40~4! 0.052 58~4! 0.052 64~4!

U11,O2 0.004 3~3! 0.004 4~3! 0.005 4~3! 0.004 5~3!

U22,O2 0.006 5~3! 0.006 2~3! 0.006 3~3! 0.006 8~3!

U33,O2 0.010 6~3! 0.012 0~4! 0.012 9~4! 0.013 5~4!

0, 1
2, z, O3 0.052 37~4! 0.052 53~4! 0.052 72~4! 0.052 88~4!

U11,O3 0.007 0~3! 0.007 7~4! 0.008 4~3! 0.008 4~4!

U22,O3 0.004 6~3! 0.004 3~3! 0.003 4~3! 0.004 2~3!

U33,O3 0.009 0~3! 0.009 6~3! 0.011 0~3! 0.011 4~3!

0, 1
2, z, O4 0.217 96~4! 0.217 93~4! 0.217 81~4! 0.217 79~4!

U11,O4 0.024 3~5! 0.027 5~6! 0.029 8~6! 0.032 9~7!

U22,O4 0.006 4~3! 0.006 3~3! 0.005 8~3! 0.006 5~3!

U33,O4 0.007 0~3! 0.007 3~3! 0.007 7~3! 0.008 0~3!
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eter and employing the spin-echo technique. Scanning
spectrometer frequency in 100-kHz steps, the comp
valued spin-echo signals were measured in quadrature
afterwards integrated over time. By plotting the magnitude
the echo integral versus frequency we obtained in a po
wise fashion the NQR line.

III. RESULTS AND DISCUSSION

A. Determination of Tc

The transition temperature of the crystals was determi
by superconducting quantum interference device magnet
etry. The magnetization was measured as a function of t
perature in an applied field of 1 Oe—both zero field and fi
cooled. Figure 2 shows zero-field-cooled magnetizat
curves of single crystals~a! and powder samples~b!. The
critical temperatureTc of Y124 samples with small Sr con
tent (x'0.1) is lower than unsubstituted ones; samples w
higher Sr content (x>0.2) have higherTc than pure Y124.
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Both single crystals and powder samples show such an
fect. Possible explanation can be the influence of disor
created by the substitution, which is competitive to t
charge-transfer effect and can decreaseTc .24 However, for
single crystals these variations are more pronounced. Un
stituted Y124 single crystal has an effective critical tempe
ture Tc,eff577.7 K, which decreases by about 1.7 K aft
substitution of 12% Sr for Ba. After substitution of 30% S
Tc,eff increases up to 80.5 K. The whole change is 4.5 K. F
unsubstituted polycrystalline sampleTc,eff580.5, which de-
creases by about 0.7 K after substitution of 10% Sr. Af
substitution of 30% SrTc,eff increases up to 81.2 K. Th
whole change is 1.4 K, which is 31% of this for single cry
tals. The reason for this difference can be a different dis
bution of Sr in single crystals and powder. Single cryst
have been grown from the melt at 1100 °C. In a melt one
expect homogeneous distribution of all components. Po
crystalline samples have been obtained at 1000 °C in a so
state reaction. The diffusion of components in a solid stat
8-4
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TABLE III. Interatomic distances, selected bond angles, and separation of atoms from CuO2 weighted
plane.

x, Sr content 0 0.11 0.16 0.31
Y-O2 Å32 2.4028~6! 2.4014~6! 2.40200 2.3987~7!

Y-O3 Å32 2.3917~6! 2.3883~6! 2.3877~7! 2.3820~7!

Ba-O1 Å34 2.7414~7! 2.7358~8! 2.7325~9! 2.7246~8!

Ba-O2 Å32 2.9650~8! 2.9612~8! 2.9537~10! 2.9469~9!

Ba-O3 Å32 2.9540~8! 2.9462~8! 2.9375~10! 2.9250~8!

Ba-O4 Å32 2.9686~8! 2.9584~8! 2.9524~10! 2.9415~9!

Cu1-O1 Å 1.8386~10! 1.8394~10! 1.8361~10! 1.8395~12!

Cu1-O4 Å 1.8805~10! 1.8787~10! 1.8805~11! 1.8770~11!

Cu1-O4 Å32 1.9399~10! 1.9386~10! 1.9368~11! 1.9347~12!

Cu2-O1 Å 2.2848~10! 2.2669~10! 2.2595~10! 2.2342~10!

Cu2-O2 Å32 1.9365~8! 1.9319~10! 1.9286~10! 1.9221~8!

Cu2-O3 Å32 1.9511~8! 1.9501~10! 1.9485~10! 1.9468~8!

CuO2 planea-O2 Å 20.245 20.249 20.249 20.256
CuO2 planea-O3 Å 20.243 20.246 20.246 20.249
CuO2 planea-Cu2 Å 0.006 0.006 0.006 0.006
CuO2 planea-Cu2 Å
Next perovskite block

10.270 10.233 10.211 10.164

CuO2 planea-Ba Å
Neighboring layer

2.002 1.993 1.985 1.971

CuO2 planea-Ba Å
Next perovskite block

8.274 8.246 8.232 8.198

CuO2 planea-Y Å 1.669 1.673 1.676 1.680
Cu2-O2-Cu2~deg! 165.09 164.81 164.79 164.37
Cu2-O3-Cu2~deg! 165.30 165.16 165.17 164.96

aWeighted CuO2 plane.
m
he
is

o

s
t.
o

m
u

al
re
c
a
d

te
t
ice
r

a

i-
e
of
r-

und
n,
r
n
d
to

-

both

son
ges

be
he
m-
-
ex-
much slower than in a melt. Therefore one can expect so
nonhomogeneity in the distribution of Sr atoms. In fact t
susceptibility curve for polycrystalline Y124 with 30% Sr
relatively broad, which indicates some disorder or nonhom
geneity. In generalTc of Y124 single crystals is slightly
lower than in polycrystalline samples of the same compo
tion. This problem has been investigated in the pas21

Single-crystal x-ray refinement shows that the occupation
the Cu2 site can be slightly lower than 100% due to so
substitution from crucible material, which can contain imp
rities leading to a lowering ofTc .

B. Structural characterization of the single crystals

The results of the structural refinement of the cryst
with different Sr content are presented in Table I–IV. Figu
3~a! displays the variation of the unit-cell volume as a fun
tion of Sr concentration. Lattice parameters decrease line
with increasing Sr content due to the difference in ionic ra
of Ba ~1.52 Å! and Sr ~1.36 Å!.6 The changes of lattice
constants as well as of other important structural parame
for a given Sr content intervalDx normalized to the value a
x50 are presented in Table IV. The extent of the latt
shrinkage was evaluated to be 2.7%, 0.9%, and 2.2% pe
atom per formula unit for the crystallographica, b, and c
axis, respectively. The shrinkage of theb axis is less pro-
nounced than the reduction of thea andc axis. This can be
explained taking into account the fact that the double-ch
09451
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structure~b axis direction! is the most rigid part of the Y124
lattice. The different extents of contraction in the lattice d
mensions of the Y(Ba12xSrx)2Cu4O8 phases indicate that th
effect of chemical pressure resulting from the substitution
Sr for Ba is rather anisotropic. This finding is in an acco
dance with the data on the Y247 system25 and contradicts the
behavior observed in the Sr-doped Y123 system.26 In the
latter case, the shrinkage of the lattice parameters was fo
to be almost isotropic. The strain, or orthorhombic distortio
defined asS52(b2a)/(b1a) increases with increasing S
content@Fig. 3~b!#, which is similar to the trend observed i
the Sr-substituted Y247 system25 and powder Sr-substitute
Y124 samples.17,18 On the other hand, this is in contrast
the behavior reported on Y(Ba12xSrx)2Cu3Ow ,26 where S
was found to be a nonmonotonic function ofx.

The buckling of the CuO2 planes does not exhibit a con
siderable variation as a function ofx. The values of the Cu2-
O2-Cu2 and Cu2-O3-Cu2 angles are about the same,
being around 165°.

From the data presented in Table IV and a compari
with the values corresponding to pressure-induced chan
in the Y124 structure27 some interesting observations can
drawn: Substitution of 30% Ba with Sr is equivalent to t
application of an external pressure of about 2.2 GPa. A co
plete substitution (x51) would induce a change of the pa
rameters equivalent to the application of about 9.3 GPa
ternal pressure.
8-5
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Figure 4 shows the fractional change of different bo
lengths as a function of Sr content. The biggest change
curs for the Cu2-O1 bond. Also noticeable changes are fo
for the Ba-O4 and the Cu2-O2 bonds.

An important modification of the structure is the decrea
of the thickness of the charge reservoir~Fig. 5!, defined as
the part of the unit cell between the weighted CuO2 planes,
including the CuO chains and the Ba/Sr atoms. With incre
ing Sr content, the superconducting blocks are com
closer, which leads to a better coupling. One can there
expect a lower anisotropyg of the crystals. In fact investiga
tions of superconducting parameters show a decreaseg
from 12 for nonsubstituted Y124 to 9 for Sr-substituted Y1
crystals.20

FIG. 2. Magnetization of Y~Ba12xSrx)2Cu4O8 ~a! single crystals
and ~b! powder with various Sr content.
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The distance between CuO2 planes increases as a functio
of Sr content, hence the thickness of the superconduc
block ~the Cu2-Cu2 distance! increases.

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

CALCULATION

A very useful method for the determination of charge d
tribution in the structure is the concept of BVS, which w
developed by Brown and Altermatt.28 The BVS method was
successfully applied for various compounds by Cavaet al.29

Tallon,15 and Karppinen and Yamauchi.30 Using this method
it is possible to describe the distribution of holes betwe
various structural elements like the CuO2 planes in the
infinite-layer block and the charge-reservoir block.

The bond-valence sumsi j of bonds between atoms~or
ions! i andj in a solid matrix is calculated from experiment
bond lengthsr i j ~in Å! as

Vi56( si j 56( exp@~Ri j
0 2r i j !/0.37#, ~1!

where Ri j
0 ~in Å! is an empirically determined paramete

specific for each differenti-j pair of ion atoms.28 Positive
values are given for metal atoms and negative values for
oxygen atoms.

According to Brown,31 using Eq.~1! it is possible to de-
termine the distribution of charge between Cu atoms a
applying three corrections.

~1! The parametersRo have been determined at room tem
perature. Bond length determined at other temperatures m
be corrected to room temperature.

~2! The values ofRo depend on the oxidation state. Fo
Cu valence between 2 and 3~or 1 and 2! one has to use
corrections. For the calculation of the average valence
copper~for the case of the valence between 2 and 3! one has
to use the equation

y5~V222!/~V2112V3!, ~2!

wherey is the fraction of Cu13 and (12y) the fraction of
Cu12. ParameterV2 is the BVS of copper calculated usin
Ro(Cu12), V3 is the BVS of copper calculated usin
Ro(Cu13). The valence of Cu is thus
TABLE IV. Compressibility of lattice parameters and bonds in the family of Y2~Ba12xSrx)4CunO2n1d

compounds as a function of Sr contentx. d(Cu2-O1), distance between Cu2 and O1 atoms.

Parameter
Y124 present

work
Y124 powder

~Ref. 17!
Y123

~Ref. 26!
Y247

~Ref. 25!

(Da/Dx)/a0 227.631023 224.131023 219.631023 22831023

(Db/Dx)/b0 29.231023 210.331023 217.531023 21431023

(Dc/Dx)/c0 221.631023 218.631023 220.231023 233.931023

(DV/Dx)/V0 258.131023 252.731023 256.831023 272.631023

@D(Cu2-O1)/Dx#/d(Cu2-O1) 257.731023 260.831023

@D(Cu2-Cu2)/Dx#/d(Cu2-Cu2) 121.131023 127.931023

@D(Ba-O4)/Dx#/d(Ba-O4) 231.131023
8-6
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FIG. 3. ~a! Variation of the
unit-cell volume of
Y~Ba12xSrx)2Cu4O8 crystals as a
function of Sr concentration,~b!
strain, or orthorhombic distortion
defined asS52(b2a)/(b1a) as
a function of Sr content in
Y~Ba12xSrx)2Cu4O8.
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V53y12~12y!521y5~3V222V3!/~V2112V3!.
~3!

The valuesV(Cu1) andV(Cu2) calculated in this way ar
shown in the Table III. Both valencesV(Cu1) andV(Cu2)
increase with Sr content, which is in disagreement with
NQR data, which show an increase of hole number in C
while the hole number in Cu1 decreases. The reason of
discrepancy can be strain in the lattice.

~3! Correction of the BVS of copper for the strain.
If the bonds length are strained they will not correla

properly with the bond valence. A procedure proposed
Brown31 is as follows: After calculating the average BVS
Cu using corrections~1! and ~2! one has to calculate th
average BVS of Cu from the stoichiometry for a given co
pound. This is 2.25 for Y124. If this value differs from th
average BVS Cu calculated from structural data, one sho
add~subtract! the difference to each BVS of Cu. This is wit
the assumption that the influence of stress is equal on al
sites. The result is shown in the Table V and Fig. 6
V(Cu1,2) true value. One can see that after correction,
BVS of Cu1 decreases and the BVS of Cu2 increases wit
content by the same value, which is in agreement with N
data.

The holes, which are responsible for superconductiv
may be placed either on Cu or on O atoms in the Cu2
planes. The importance of the hole distribution between

FIG. 4. Change of different bond lengths as a function of
content in Y~Ba12xSrx)2Cu4O8 crystals.
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and O sites within the CuO2 planes was suggested by seve
authors using NQR investigations12,13 as well as BVS
analysis.15

The NQR analysis of Zhenget al.,12 showed that ratio of
number of holes on copper to number of holes on oxygen
planes n(Cu)/2n(O) increases from YBa2Cu3O7 to
YBa2Cu4O8. SimultaneouslyTc decreases. In order to in
creaseTc significantly, the number of holes on both copp
and oxygen in planes has to increase. In fact, NQR inve
gation of Y124~Zhenget al.13! leads to the conclusion that a
high hydrostatic pressure the number of holes on both
and O sites increases without changing then(Cu)/2n(O) ra-
tio causing a larger increase ofTc .

In order to investigate the distribution of holes betwe
copper and oxygen as a function of Sr content we have
culated the BVS of all four oxygen atoms using a weight
value of theRo(CuVtrue-O22) parameter, where Vtrue is th
V(Cu1,2)value~Table V! after the correction for stress. Th
result shows that the BVS of O1~apical oxygen! increases,
the BVS of plane oxygen atoms O2,3 decreases, while
BVS of chain O4 oxygen does not change. This indicate
redistribution of the charge between copper and oxygen
oms with Sr substitution. The BVS of O1 increases fro
22.044 to21.985 indicating a charge transfer from Cu1
O1. The BVS of O2 decreases from22.054 to22.087 and
the BVS of O3 decreases from22.045 to22.069, indicating
a charge transfer from O2 and O3 to Cu2.

r FIG. 5. Charge-reservoir thickness in the Y~Ba12xSrx)2Cu4O8

crystals as a function of Sr content.
8-7
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TABLE V. Bond valence sums~BVS’s! of copper and oxygen in Y~Ba12xSrx)2Cu4O8. V2Cu1,2, BVS of Cu1,2 calculated with
Ro(Cu12-O2); V3Cu1,2, BVS of Cu1,2 calculated withRo(Cu13-O2). VCu1,2, BVS of Cu1,2 calculated from the form~3!;
VCu~average!5(VCu11VCu2!/2; VCu1,2 true,VCu1,21strain correction; BVS Oi /Ro(CuVtrue-O2), BVS of oxygen calculated with
VCu1,2 true; BVS/Ro(Cu12.25-O2), BVS of oxygen calculated withVCu12.25; V~plane!, number of holes in the CuO2 plane calculated from
Eq. No. ~4!.

X, Sr V2Cu2 V3Cu2 V2Cu2 V2Cu1 V3Cu1 VCu1
VCu

~average!
Strain

correction VCu2true VCu1true

0 2.150 2.468 2.220 2.218 2.546 2.324 2.272 20.022 2.198 2.302
0.11 2.175 2.497 2.258 2.223 2.551 2.332 2.295 20.045 2.213 2.287
0.16 2.192 2.516 2.285 2.231 2.560 2.344 2.315 20.0645 2.221 2.280
0.31 2.230 2.559 2.342 2.236 2.566 2.352 2.347 20.097 2.245 2.255

BVS O1 BVS O2 BVS O3 BVS O4 V plane

Ro(CuVtrue-
O22)

Ro(Cu12.25-
O22)

Ro(CuVtrue

-O22)
Ro(Cu12.25-

O22)
Ro(CuVtrue-

O22)
Ro(Cu12.25-

O22)
Ro(CuVtrue-

O22)
Ro(Cu12.25-

O22)

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 0.10
0.16 2.020 2.003 2.071 2.070 2.058 2.057 1.952 1.938 0.09
0.31 1.985 1.962 2.087 2.081 2.069 2.062 1.948 1.938 0.08
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The introduction of the stress correction only for Cu c
raise a question about the necessity of additional stress
rections for oxygen. The average BVS of oxygen is 2.0
60.002 and has the same value for all measured crys

FIG. 6. Change of the BVS (Ds) of copper and oxygen as
function of Sr content in Y~Ba12xSrx)2Cu4O8 crystals.~a! BVS of
plane Cu2 and O2,3,~b! BVS of chain Cu1 and O1,4.
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independently of Sr content. Stress created by Sr substitu
does not influence the average BVS of oxygen calculate
that way.

Using these data we can calculate the total number
holes in the plane. Let us assume that number of hole
copper in plane isn(Cu2)5V(Cu2)22 and number of holes
in oxygen in plane is:n(O2,3)52V(O2,3)12. Figure 6
shows the change of the number of holes per atom a
function of Sr content. Total number of holes in the plane

V~plane!5n~Cu2!1n~O2!1n~O3!

5V~Cu2!2V~O2!2V~O3!12. ~4!

The result is shown in Table V. In this model charge in t
plane and in the chain remains almost constant and o
redistribution of charge between copper and oxygen wit
the plane and the chain occurs. The strain correction ha
significant influence on the final result. Without strain co
rection the increase of the BVS of Cu2 is larger:DV(Cu2)
50.122 hole per copper forDx50.3 ~instead of 0.047! and
the total charge in the planes increases byDV(plane)
50.089 hole if we calculate BVS O2,3 usin
Ro(Cu12.25-O22). This seems to be nonrealistic.

Hence, there are two macroscopic parameters impor
for Tc : the total number of holes in the CuO2 planes and the
distribution of holes between oxygen and copper sites. F
fixed number of holes in CuO2 planes,Tc increases with a
preferential hole distribution on oxygen sites.

In the case of Sr substitution in Y124, the total number
holes in the plane seems to be constant. Substitution of S
Ba increases number of holes in plane copper Cu2, but
creases the number of holes located in plane oxygen O
Finally, Tc increases only by 2–3 K. If we are able to sh
more holes from copper to oxygen,Tc could rise more.
8-8
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V. THE EFFECT OF DIFFERENT DISTRIBUTION OF
HOLES IN CuO 2 PLANES AS A FUNCTION OF
OXYGEN AND STRONTIUM DOPING IN Y123

The importance of the hole distribution within the plane
not only the total number of holes, can be shown in
example of Y123:Sr compound. Using data of Cavaet al.29

and Licci et al.26 we have calculated the change in BVS
Cu2, O2, and O3 as a function of Sr and O content. Fig
7~a! shows theDS as a function of oxygen contentd in
YBa2Cu3O61d . All BVS’s increase with oxygen conten
showing a well-known two-plateau dependence similar toTc
behavior. The hole concentration on Cu2 and O2

3 increases
with oxygen doping.

The distribution of holes is very different after the subs
tution of Sr. Figure 7~b! showsDS of Cu2, O2, and O3 as a
function of Sr content. We did not introduce corrections
the stress in the Licciet al.26 data. The BVS of Cu2 in-
creases, but the BVS of the plane oxygen atoms decrea
This is similar to Y124:Sr as shown before. A significa
change of the charge distribution in the CuO2 planes takes
place. The difference in the BVS of plane Cu and O atom
related to the different dependence of the out-plane b
length Cu2-O1, O2,3-Ba/Sr, and O2,3-Y as a function

FIG. 7. ~a! Change of BVS of plane atoms in YBa2Cu3O61d as
a function of oxygen content. Structural data from Cavaet al. ~Ref.
29!. ~b! Change of BVS of plane atoms in Y~Ba12xSrx)2Cu3O61d

as a function of Sr content. Structural data from Licciet al. ~Ref.
26!.
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doping with O and Sr. An increase of the oxygen conte
causes a nearing of CuO2 planes and shortening of thes
bonds. For all plane Cu and O atoms, the BVS increas
With increasing Sr content the CuO2 planes are going apar
and the O2,3-Y bond increases. This structural differenc
connected with the change of the hole distribution in t
CuO2 planes. Hence, the BVS increases for Cu2, but
creases for O2,3 and consequently more holes are locate
Cu2.

VI. COMPARISON OF THE PRESSURE EFFECT AND Sr
SUBSTITUTION ON THE STRUCTURE, BVS, AND

Tc IN Y124 AND Y123

The variation of the structure of the compounds Y123 a
Y124 as a function of Sr substitution is very similar, but t
Tc behavior is different. With increasing Sr contentTc de-
creases in Y123,26,32 but slightly increases in Y124. As bot
compounds have a positiveTc dependence on pressure, w
can try to find differences by a comparison of pressure
substitution effects on the structures of both compounds
the case of underdoped Y123 crystalsdTc /dp54 – 6 K/
GPa. Optimally doped material hasdTc /dp close to zero.
As discussed by Marezio, Licci and Gauzzi32 the application
of pressure on Y123 in comparison to the substitution of
for Ba leads to the following structural changes.

~1! Chemical pressure leads to an almost isotropic c
traction of all three lattice parameters. The contraction of
c axis at high pressure is more than twice of those obser
along the other two axes.

~2! The thickness of the superconducting block, the Cu
Cu2 distance, increases with Sr substitution and decre
with pressure. In this case the effect of Sr substitution a
pressure are opposite.

~3! The complete substitution of Sr for Ba would induce
variation of the lattice parameters equivalent to an exter
pressure of about 1 GPa.

~4! The apical bond length Cu2-O1 decreases with b
substitution of Sr for Ba and pressure.

For Y124 Tc increases with pressure:dTc /dp55.5 K/
GPa. The application of pressure on Y124 in comparison
the substitution of Sr for Ba leads to the following structu
changes.

~1! Chemical pressure leads to an anisotropic contrac
of lattice parameters: the contraction inb direction is three
times smaller than the contraction ina andc directions. From
the data of Nelmeset al.27 the compressibility inb direction
is 3.5–4 times smaller than that ina andc direction.

~2! The thickness of the superconducting block~the Cu2-
Cu2 distance! increases with Sr substitution and decrea
with pressure. In this case the effect of Sr substitution a
pressure are opposite.

~3! The substitution of 0.3 Sr for Ba induces a variation
the lattice parameters equivalent to an external pressur
2.2 GPa.

~4! The apical bond length Cu2-O1 decreases with sub
tution of Sr for Ba and pressure.

Both Sr substitution and high pressure lead to an incre
of the hole concentration in Cu in the planes. However,
distribution of holes between copper and oxygen is differe
8-9
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The most important difference between the application
hydrostatic and chemical pressure in both Y123 and Y1
compounds is the behavior of the superconducting blo
The distance between CuO2 planes decreases with hydro
static pressure. This brings Y atoms nearer to plane oxy
and increases the BVS of O2 and O3. Chemical press
on the other hand, increases the thickness of the super
ducting block, and the distance between Y and CuO2 plane.
Therefore, the BVS of O2 and O3 decreases. Both chem
and hydrostatic pressure cause a contraction of the ap
bond Cu2-O1 and an increase of the BVS of Cu2. Theref
there is a significant difference in the hole distribution with
the planes between Sr-substituted crystals and crystals u
high pressure. From our BVS calculations presented in
work, we concluded that with Sr substitution the number
holes in Cu2 and O1 increases. Due to the lack of data on
Ro dependence on pressure we cannot make similar calc
tions for high pressure. The NQR investigation of Zhe
et al.13 show that then(Cu)/2n(O) parameter of Y124 doe
not change with pressure, althoughn(Cu)12n(O) increases,
where n(Cu) is the number of holes in Cu in planes a
n(O) is the number of holes in oxygen in planes.

The main structural difference between Y123 and Y1
behavior is the stiffness of theb axis in Y124 caused by the
presence of double CuO chains.

Meingastet al.33 investigated the uniaxial pressure depe
dence ofTc of Y123 and Y124 single crystals. They showe
that the strong change ofTc in Y124 by pressure (dTc /dp
55.5 K/GPa) is caused mainly by thea-axis contribution,
whereas due to the low compressibility in theb direction the
b-axis contribution is small. The experimentaldTc /dpi
values are dTc /dpa51(3.7– 5.0) K/GPa, dTc /dpb
51(0.3– 0.4) K/GPa, anddTc /dpc5(060.7) K/GPa.33

The behavior of Y123 is different. For optimally dope
Y123 materialdTc /dp'0, but there are quite largedTc /dpi
values occurring for uniaxial pressure within the~a,b! plane
@dTc /dpa51(2 – 3) K/GPa, dTc /dpb52(2 – 3) K/GPa#,
which in case of a hydrostatic pressure cancel each other
to their opposite signs. However, since Y124 is underdo
it should be compared with underdoped Y123. For und
doped Y123 crystals under hydrostatic pressuredTc /dp
54 – 6 K/GPa, which results from high uniaxial pressure
fect alongc axis. ThedTc /dpa anddTc /dpb are nearly dop-
ing independent. Both Y123~underdoped! and Y124 have a
large positive hydrostatic pressure effect onTc , however
their uniaxial values are quite different. The largedTc /dp is
caused in underdoped Y123 by uniaxial pressure effect a
the c axis and in Y124 by uniaxial pressure effect along t
a axis.

The differences in the uniaxial pressure dependence
partially explain the different behavior ofTc in Y123 and
Y124 with Sr substitution. Sr substitution in Y123 causes
isotropic contraction, so contributions froma andb axes can-
cel due to opposite signs. The Sr-inducedc-axis contribution
is much smaller than the one due to hydrostatic pressure

For Y124 the substitution of Sr causes a compression
the a axis, which is similar to the pressure effect. For i
stance, substitution ofx50.3 Sr for Ba leads to a structura
effect that is equivalent to an application of about 2.2 G
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hydrostatic pressure. As for Y124dTc /dp55.5 K/GPa, con-
sequently one expects an increase ofTc by about 12 K. In-
stead, we observe an increase of only 2–3 K. The reaso
this is probably the increase of the thickness of the superc
ducting block with Sr substitution. Therefore the BVS of O
and O3 decreases andTc increases only a little bit.

A second reason why, despite of the increase of charge
Cu2 by Sr substitution,Tc does not increase as much as
high hydrostatic pressure, could be the introduction of dis
der in the structure through partial Sr substitution. The NQ
experiments show that Sr substitution dramatically increa
the NQR linewidth, which is a clear indication of an in
creased lattice disorder. This additional disorder presuma
attenuates the increase ofTc with Sr content. As shown by
Attfield, Kharlanov, and McAllister24 disorder leads to a de
crease ofTc in the Ln-214. Wehave investigated the influ
ence of disorder in RE124~Ref. 34! and found thatTc de-
creases with the disorder parameter.

VII. NQR MEASUREMENTS ON Y „Ba, Sr…2Cu4O8

POWDER SAMPLES

It is very important to use an independent method, wh
can prove the variations of hole concentration in Cu1 a
Cu2 by substitution of Sr for Ba. The NQR frequencynQ of
the plane copper is very sensitive to changes in the densit
hole charge carriersn in the CuO2 planes. The NQR experi
ments for YBa2Cu3O72x and La22xSrxCuO4 show thatnQ of
the plane copper nuclei shifts towards higher values w
increasingn. In the YBa2Cu3O72x family nQ changes at 100
K from 23.18 MHz in underdoped YBa2Cu3O6 to 31.53 MHz
in YBa2Cu3O7. In the La12xSrxCuO4 system,nQ increases
linearly upon Sr doping from 33 MHz forx50 to 36.2 MHz
for x50.15. With the assumption that each Sr ion deliver
hole charge carrier in Cu2 one gets a changednQ /dn
'21 MHz/hole. This result we can use to estimate the
crease ofn in Cu2 of YBa22xSrxCu4O8 when Ba is substi-
tuted through isovalent Sr. The measurements ofnQ of plane
copper in YBa22xSrxCu4O8 show thatnQ increases by 330
kHz for x50.3 and by 610 kHz forx50.6 as compared to
nQ for purex50 material. As one can notice the increase
nQ is approximately linear inx ~see Table VI!. Now, assum-
ing the relationdnQ /dn'21 MHz/hole also holds in the cas
of Sr for Ba substitution in YBa2Cu4O8, one can conclude
that the hole-charge carrier concentration in Cu2 increa
by 0.016 hole/Cu forx50.3 and 0.029 hole/Cu forx50.6.
Since Sr and Ba are isovalent, this increase has to come
a charge redistribution in the structure. ThenQ of the chain
copper decreases withx for almost the same value as thenQ
of plane copper increases. Simultaneously the BVS of
increases and the BVS of O2,3 decreases. This is a c
indication that a transfer of holes between copper and o
gen is taking place. The calculated charge transfer diff
when BVS and NQR results are used. This is understand
since both methods can still be influenced by other effe
like volume change by substitutions, strain, etc.
8-10
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TABLE VI. NQR frequencies and linewidth of plane and chain63Cu in pure and Sr-substituted YBa2Cu2O8 ~Y124!.

NQR freq. of
plane copper

63vQ(Cu2)
~MHz!

Linewidth
D63vQ(Cu2)

~kHz!

NQR freq. of
chain copper

63vQ(Cu1)
~MHz!

Linewidth
D63vQ(Cu1)

~kHz!

Difference between

Charge
transfer~holes

per copper!

63vQ(Cu2) in
Sr doped and

pure Y124
~kHz!

63vQ(Cu1) in
Sr doped and

pure Y124
~kHz!

YBa2Cu4O8 29.770 150 20.005 56 0 0 0
YBa1.7Sr0.3Cu4O8 30.100 1140 19.660 640 330 2345 0.016
YBa1.4Sr0.6Cu4O8 30.380 1350 19.375 840 610 2630 0.029
4

f
s.
-
a
f

S
e
r

tio

cal
am-

u-

ut
n
xes.
r

sti-
nd

ses
sub-
of

Na-
VIII. CONCLUSIONS

The influence of substitution of Sr for Ba in the Y12
compound on the structure, charge distribution, andTc has
been investigated and compared with the literature data
Y123 and hydrostatic-pressure effect on both compound

~1! The substitution of Sr for Ba in Y124 and Y123 in
duces a variation of the structural parameters causing ch
redistribution. In the planes, holes from O2,3 atoms trans
to Cu2 and in the chain, holes from Cu1 transfer to O1~api-
cal! atom.

~2! The transition temperature slightly increases with
content in Y124, but less than expected from the increas
the number of holes in Cu2. In Y123Tc decreases upon S
substitution.

~3! Chemical pressure leads to an anisotropic contrac
of lattice parameters in Y124: the contraction inb direction
is three times smaller than ina andc directions. This is the
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main difference between Y124 and Y123. In Y123 chemi
pressure leads to an isotropic contraction of lattice par
eters.

~4! At high hydrostatic pressure,Tc of Y124 increases due
to a contraction of thea axis with pressure and Sr substit
tion leads also to the contraction of thea axis. In Y123 the
contraction of all axes is isotropic with Sr substitution, b
the contraction of thec axis at high pressure is more tha
twice the amount of those observed along the other two a
This can explain whyTc increases slightly for Y124 with S
substitution, but decreases for Y123.

~5! The apical bond length Cu2-O1 decreases with sub
tution of Sr for Ba, which causes an increase of the BVS a
hole number in Cu2 in both Y124 and Y123.

~6! The thickness of the superconducting block increa
and the thickness of charge reservoir decreases with Sr
stitution in both Y124 and Y123, which causes a shift
holes from oxygen to copper in the planes.
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