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The Y, ¢Cay Ba,Cus0, samples with a large range of oxygen content, equilibrated at 460 °C, have been
prepared under reducing or oxidizing conditions from a well sintered master batch of nearly 100% compact-
ness. The investigation by the x-ray and neutron diffraction methods and by the resistivity, thermoelectric
power, Hall effect, and magnetic susceptibility measurements have shown three distinct superconducting
plateaus depending on the decreasing oxygen content. The first two plateaus correspontlabout 80 K
(6.8%=y=6.795 and 50 K(6.75=y=6.50 and are associated with the ortho | and Il structures which are
characterized with infinite Cu-O chains. The third plateau corresponds to a macroscopically tetragonal phase
with T.=25 K (6.50=y=6.40 and is possibly associated with formation of the Cu-O-Cu dimers. All three
superconducting phases exhibit sharp magnetic transitions with nearly complete diamagnetism at low tempera-
tures and a metalliclike electric conductivity in the normal state. The hole concentration as deduced from the
calculated bond valence suniBVS) smoothly decreases with decreasipgwithout apparent steps. For
6.82=y=6.36 the BVS values are in good agreement with the number of itinerant carriers deduced from the
Hall data. In the nonsuperconducting phase with6.33, the sudden decrease of the Hall number and simul-
taneous temperature activation of the Hall constant and resistivity indicate a localization of carriers below 300
K. Nevertheless, the Hall mobility remains compositionally independent for all samples witk=88.33.
[S0163-182696)07846-0

I. INTRODUCTION multaneous structurdk-ray and neutron diffraction trans-
port (electrical resistivity, thermoelectric power, Hall effgct

Among possible cationic substitutions in the Y;Bai;0, and magnetic (ac susceptibility studies on the
superconductor, the partial replacement &f Yy Ca&* has Y0.8C8.Ba,CuO, ceramics within the whole accessible
been found to be especially interesting. The heterovalerfi@gnge ofy.
substitution changes the carrier concentration and may influ-
ence the charge transfer from the Cu-O chains to the con-
ducting CuQ layers. Early studies have shown that such
replacement was limited to about 25% of yttrium and the The master batch of about 150 g of ¥Ca Ba,Cu0,
critical temperature for the superconductivity in the ortho-has been prepared from homogenized mixture of chemically
rhombic samplesy~7) was lowered from 93 K for the cal- analyzed Y053, CaCQ, BaCQ,, and CuO. The mixture was
cium free compound to about 78 K for 20% of calcidfm. calcinated several times at progressively increasing tempera-
For the latter compound, the superconductivity was detectetires 850-930 °C with intermediate homogenization and
also for highly reduced tetragonal samplgs=6.0—6.2. weighting in order to improve the spacial homogeneity of
This surprising behavior was reported first for nearly 100%reagents and to control the decomposition of carbonates. The
dense ceramics cooled from 950 °C by switching off thecalcinate was pressed into pellets of 20 mm in diameter and
furnace® The occurrence of superconductivity was ascribedwidth of 3 mm and sintered for 48 h at 940 °C. The tempera-
to a surface oxidation of otherwise oxygen-deficient crystature was then decreased to 600 °C and kept for 2 h. That was
grains. However, the superconductivity at temperatures afllowed by slow cooling(0.5 °C min to 460 °C and dwell-
high as 44 K was subsequently observed on assumedly haag for 100 h at this temperature. The pellets were then
mogeneous samples with 20% of Ca, prepared under reduceoled rather quickly by switching off the furnace. The
ing conditions and quickly quenchéd. whole sintering procedure was undertaken in oxygen atmo-

A systematic study of the parent compound ¥8a0,  sphere.
was performed namely by Jorgensenal? and by Cava Such prepared y¢Ca Ba,Cu;0, ceramics exhibited
et al® on samples prepared by quenching from controlledd8% of the theoretical density and sharp superconducting
oxygen partial pressures at 520 °C and on a series of samplésnsition at 81 K, resulting in an ideal diamagnetic ac signal
gettered in sealed ampoules at 440 °C by zirconium, respeat low temperatures. The oxygen content of this starting ma-
tively. In both studies, no superconductivity was detected irterial was estimated, as described below, from the unit cell
tetragonal phase below=6.4. In order to investigate com- dimensions(a=3.8351 A, b=3.8721 A, ¢=11.679 A to
plexly the hole doping and the interlayer charge transfer alsy=6.82 and the homogeneity of the calcium distribution
in the calcium substituted systems, we have undertaken swithin crystal grains was checked by the electron mi-

II. EXPERIMENTS
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croanalysis. A quantitative analysis of the x-ray diffraction gradient up® 1 K was developed between the copper blocks.
pattern showed that calcium substituted yttrium sites in théhe gradient was created by two miniheaters and monitored
structure in the expected amount of(2@%. using Pt resistors. The assembly was placed in a closed cycle
By heating at 460 °C in an oxygen pressure of 12 atm, théde cryostat and the measurements were carried out while
oxygen content in the material was further slightly increasedlowly increasing the temperature from 15 to 300 K. The
(y=6.89 without any significant change of the supercon-thermoelectric voltage vs temperature gradient was moni-
ducting temperature. Annealing of the starting material undetored and used for the calculation of the thermopower coef-
argon flow for 24 h at 600 °C and subsequently at 460 °Cficient.
with 100 h duration led to the product with,~40 K and ac magnetic susceptibility measurements were carried out
91% of complete diamagnetism at low temperatures. Latticén the temperature range 4.2—-300 K using an inductance
parameters of the tetragonal structume=3.8582 A and method. The frequency of the ac field was set to 160 Hz and
c=11.750 A enabled us to estimate the oxygen content tits amplitude to 40 A m’. Both the in-phase and out-of-
y=6.34. Subsequent equilibrating of the sample at 460 °C irphase signals from the secondary coils were measured ap-
evacuated ampoule led to a disappearance of any traces gfoximately every 0.2 K with a help of the lock-in nanovolt-
superconductivity. Since the lattice parameters of suclneter and absolute values of the real and imaginary parts of
treated sample were retained, the superconductivity of argofhe magnetic susceptibility were evaluated using the refer-
annealed Sample was ascribed rather to a surface OXidation Qﬁce Specimen_ A rectangu'ar form of the Samp'es was ap_
crystalline grains during the cooling from 460 °C in technical proximated by a general ellipsoid and a correction on the
argon gagoxygen partial pressure 16). Finally, the oxygen demagnetizing field was made according to Ref. 6.
and argon treated materials were Simultaneou3|y annealed in Hall effect measurements were carried out for thin rect-
the nitrogen flow(oxygen partial pressure 18) at 460 °C  angular plate samples. The electrical contacts for samples
for 100 h. This procedure led to samples with:6.62 and  jth y>6.5 were made similarly as for the resistivity mea-
y=6.51, respectively. surements and a short-time annealing in air at 300 °C was
Oxygen content of ¥ sCa -Ba,CusO, samples, obtained ysed to decrease the resistance of contacts below 100
in the oxygen, nitrogen, or argon flowg=6.82, 6.62, 6.51, Those for low oxygenated samples were made by a spark
and 6.34, was then systematically changed by long-time anfonding of 50um Cu wire. Low contact resistan¢ess than
nealing in sealed quartz ampoules or in evacuated ampoula$ ) was achieved by a subsequent joule heating of silver
with variable amount of Zr granules. Since no gettering efpaint applied to the contact area. The Hall voltage was
fect of metallic Zr was observed below 550 °C, the ampoulesneasured using the lock-in technique. The current density,
were generally heated to 600 °C with duration for 50 h andapp”ed within the plate, did not exceed 1 A tfnand the
subsequently cooled to 460 °C and annealed for 150 h.  frequency of the ac signal was set to 16 Hz. The Hall con-
The CUKa X-I’ay diffraction patterns were recorded for all StantRH was then Calcu|ated from the S|ope Of Mﬁ vs B

samples immediately after their preparation. In the case ofiependence when the magnetic fi@dwvas swept between
reduced samples, the structure was checked after more tharp and 2 T affixed temperature.

one month in order to monitor an eventual oxygen uptake.
No change was observed for oxygen content dowp+®.3
even if the material was kept pulverized into fine particles at
room temperature. On the other hand, the maximum reduced
pellet with y=6.03 showed a bulk gain of oxygefto A complete list of studied ¥¢Ca Ba,Cu;0, specimens
y=6.13 after two months. Such behavior can be related tas given in Table I. The sample numbers follow the decreas-
possible deterioration of sintered ceramics when the redudng oxygen content and evolution of the structural and trans-
tion achieved the absolute limit. port properties. Preparation conditions and the initial compo-

For five selected sampleg/=6.13-6.89, a complete sition are mentioned for each sample. The samples are
structural determination was achieved by neutron diffractioncharacterized with the unit cell dimensions and volume, the
The experiments were performed at room temperature on thmom temperature values of the thermopower coefficient
diffractometer KSN-2 in Rz near Prague using the neutron S,q,, and the superconducting critical temperatufes Ex-
wavelength of 1.365 A and the arrangement of the best resaept for three samples mentioned in Table I, Thevalues
lution (Ad/d=0.007 in the minimuryn The analysis of ob- inferred from the sharp drop of the thermoelectric power
served x-ray and neutron diffraction patterns was performetbwards zero(see Fig. 1 match with the onset of the zero
by the progranFULLPROF electrical resistivity as well as the diamagnetism in the ac

A classic four probe dc method was used for the resistivsusceptibility measurements. This coincidence is evidenced
ity measurements in the range of 4.2—300 K. Small plateletfor selected samples in Figs. 1-3.
were cut from the pellets and four electrical contacts of about The oxygen content in ¥Ca Ba,Cu;O, was deter-
0.01 mnf on the circumference of the sample were mademined for five samples by the neutron diffraction, for other
using silver paint and fired at 400 °C under flowing oxygenones it was estimated under the assumption of a linear rela-
or in vacuum, depending on the actual oxygen content in th&onship between the value and thec lattice parameter
samples. Absolute values of the electrical resistivity werewhich is shown in Fig. 4. This correlation follows from the
evaluated using the Van der Pauw method. mentioned neutron data as well as from the value ofahe

A dynamic two point method was employed for the mea-parameter of 11.800 A which was observed for a series of
surement of the thermoelectric power. The platelets were atmaximum reduced samples and identified with stoichiometry
tached to two small copper blocks and a variable temperatung~6.0. Indeed, all attempts to further decrease the oxygen

Ill. RESULTS
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TABLE |. Characterization of the ygCa ;Ba,Cu;0, samples.

Class No. a(A) b (A) cA) VA SguvK™H T, (K y Annealing(initial composition
A 1 383415 3.87355 11.6681) 173.34 2 80  6.8®)° 12 atm 02 (6.82
2 3.83517) 3.87218) 11.6792) 173.43 2 81 6.82 02 flow (as prepared
3 3.83545) 3.87425) 11.6831) 173.60 8 74 6.79 Evacuated ampoule (6.82
B 4 3.84965) 3.86476) 11.6932) 173.93 20 52 6.72 Zr gettered (6.79
5 3.84928) 3.86439) 11.7083) 174.16 20 51 6.62 N2 flow (6.82
6 3.85027) 3.865Q@8) 11.7192) 174.38 19 52 6.52)° Evacuated ampoule (6.62
72 3.85768) 3.86178) 11.7122) 174.29 27 30 6.59 Zr gettered (6.79
C 8  3.85449) 3.860510) 11.7282) 174.51 37 25 651 N2 flow (6.39)
9 3.85864) 11.7291) 174.63 41 27 6.5@)° Evacuated ampoule (6.5
10 3.85924) 11.7262) 174.64 40 22 6.48 Oxidated in amp. (6.3
11 3.85825) 11.7392) 174.75 39 25 6.41 Oxidated in amp. (6.349
D 12 3.85815) 11.7472) 174.85 60 6.36 Zr gettered (6.41)
13 3.85985) 11.7432) 174.91 65 6.38 Zr gettered (6.52
142 3.858126) 11.75@2) 174.91 40 25 6.34 Ar flow (6.82
15 3.85806) 11.7542) 174.95 66 6.3@)b Zr gettered (6.3
16 3.85905) 11.762) 175.22 90 6.23 Oxidated in amp. (6.03
17 3.858%3) 11.77€1) 175.32 100 6.162)b Aged 2 months (6.03
18 3.85825) 11.79%2) 175.58 145 6.03 Zr gettered (6.33

aNonhomogeneous samples: Two-step resistivity transition at 76 and 50 K for No. 3; Resistivity transition 50—30 K, diamagnetic at 47 K
for No. 7; Resistivity and diamagnetic transition at 40 K for No. 14.

bBased on the neutron diffraction data.

CInferred from the thermopower data.

content always led to an occurrence of,Own the sample of the chemical method. Larger deviation from the neutron
surface. data was found for sample with=6.13. This was ascribed
They values in Table | represent, in our opinion, the mostto a change of the oxygen content in this particular sample
reliable estimates of the oxygen content. Alternative deterwith time, which was already mentioned in Sec. II. For other
mination of the oxygen stoichiometry was attempted by dnvestigated samples with oxygen content estimated from the
cerimetric titration using a trapping FEFe’" system in hy- ¢ vs y relationship toy=6.82, 6.72, 6.62, 6.41, 6.36, and

drobromic solution. For samples with oxygen content deter6_23, the cerimetry resulted in values 6.77, 6.64, 6.55, 6.40,
mined by the neutron diffraction tp=6.89, 6.52, 6.50, and g 34 and 6.23 respectively.

6.33 (experimental uncertainty ahy~0.02), the cerimetry
gave values 6.91, 6.58, 6.45, and 6.36, respectively. Sm
differences up ta\y=0.06 may reflect the poorer accurac

As illustrated in Fig. 4, one can distinguish four thermo-
aHynamically stable regions or phases in the
y Y .6Ca Ba,Cu;0, system. Within these regions, the oxygen

content can be varied in certain limits but the orthorhombic
distortion, the thermopower coefficie®,q, and the critical
temperatureT, remain essentially unchanged. In the first,
oxygen rich regiorA (6.89=y=6.75), the orthorhombic dis-
tortion is set close to 0.039 A, the superconducting tempera-
ture reaches 80 K, and the room temperature thermopower,
in agreement with the higi ., is near zero. The second
region B spanning fromy~6.75 toy~6.50 is also ortho-
rhombic with significantly lower distortionl(—a)~0.015

A, the thermopower coefficient amountsSg,~20 uV K ~*

and T, is lowered to about 50 K. The third regidd from
y~6.50 toy=6.40 is characterized by tetragonal or pseudo-
tetragonalb—a=0.0002) A] symmetry. The thermopower

S (uVK1)

‘\\“‘\\\“\\“\"“‘\\\\\\\\‘\\\\\\\V\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘ coefficient equal§290~40 ,L,LV K -1 and TC~25 K. All three
] ] superconducting regions exhibit a metallic conductivity in
-10 ——T—— 7T the normal statéFig. 2). A temperature dependent Hall con-
0 50 100 150 200 250 300 stant R, for sampley=6.89, which increases from about
Temperature (K) 10 °m*C tat 290 K to 3.10° m*C~t at 90 K, is followed

up with rather temperature independent Hall constant for
FIG. 1. The temperature dependence of thermopower irsamples y=6.52 (RH=4><1079 m3C™Y) and y=6.50
Y 0.6Ca BaCu0, . (Ry=7%x10"° m® C })—see Fig. 5.
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FIG. 2. The temperature dependence of resistivity in 1604 |
Y 0.8Ca BaCus0y . o
The last, oxygen poor regidd (6.40=y=6.03) is nonsu- ;1207 )
perconducting. The thermopower coefficient smoothly in- § 0
creases with decreasing from S,g;=60 uV K ! to 145 30 i o i
wV K ™1 This region is characterized by a semiconducting &
turn-up of the resistivity which shifts with decreasingjuite —° 1
quickly from low temperatures up to the room temperature— o |9
see Fig. 2 for samples=6.36 and 6.33. Simultaneously with 01 —o—o=— : : : ]
the shift of the temperature activation of electrical resistivity 70 68 66 64 62 69
to room tempera?ure, alarge and s'trongly temperature depen- A |
dent constanR,, is observedsee Fig. 5. 80— o2 o— ]
With respect to the formation of four distinct regions
A-D there are three samples in Table | which should be & 60+ B 7
considered as intermediate even after long-time annealing in =° —o—-9 ¢
sealed ampoules. Sample No. 3 with thermopo®gg=8 i }
wV K ™! showed a two-step transition witfi,;=76 K and 204 o b _
0.4 — T T T T T T I 01 00 —0—0—04
] 7.0 68 66 64 62 6.0
0.2 Oxygen content
0.0 ®© )
y & FIG. 4. The superconducting temperatufgs thermopower co-
-0.2 1 $ efficients S290, and the room-temperature lattice parameters of
1 o § Y .6Ca BaCuz0, in dependence on oxygen contgnt
£ 04 s ¢
% _06_' § § V. o y=636 | T.,=50 K in the resistivity measurement and represents
g | g o v 0o y=650 therefore a mixture of thé& andB types. Sample No. 7 with
5 0.8 g Vo o y=652 S,00=27 VK1 exhibited an extremely broad resistivity
< ] g v y=6.89 transition between 50 and 30 K and can be considered as a
1.0 i mixture of theB andC types. The same thing most probably
] occurs also for sample No. 8 which exhibits very small
T e — orthorhombicity. Otherwise, its transport properties are char-
0 20 40 60 80 100 120 140 acteristic for tetragonal samples of tBetype.

Temperature (K)

The most ideal representatives of the superconducting

typesA, B, andC and two samples belonging to the oxygen
FIG. 3. The real and imaginary parts of the ac susceptibility infich and poor side of the nonsuperconducting rabgkave

Y 0.6Ca BaCuz0, .

been investigated by the powder neutron diffraction. The re-

sults of the structural refinement within the space groups
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— T T — gion (y=7—6.4 for YBaCu;0,) the oxygen atoms in the
TrAmy=633 CuO; plane are located preferentially in sitg® 1/2 0] and
form characteristic Cu-O chains along thedirection. The
. -y =69 ] occupation of alternative sitgl/2 0 Q] is generally very
-y ] small# For lowery values the structure is macroscopically
] tetragonal because the oxygen atoms are distributed equally
over the[0 1/2 Q] and[1/2 0 (] sites or, fory=6 are even-
tually absent.
105 3 It should be noted that in addition to the special cas&
1 - = ] (so called ortho | phageseveral ordered variants with partial
%2:%:@ B &S oxygen population were detected in single crystal studies of
iii ~ ] YBa,Cu;0, . There are reports on pseudotetragonal phases
for y~6.35 in which the Cu-O-Cu dimers are formed in the
13 e CuO; plane’~° Further reported structures correspond to the
] ] orthoryg)onﬁ)ic phase with ideal compo;li;iglﬂFG.S (ortho Il
1 T T T phase¢”>**andy=6.667(ortho Ill phas¢ “ in which infinite
80120 160 200 240 280 Cu-O chains alternate with the Cu rows. The ortho Il phase
Temperature (K) is observed in a rather broad region pfwhich actually
overlaps with the ideal composition for ortho Ill. These su-
FIG. 5. The Hall numberRy for selected samples of perstructures are generally not visible in powder diffraction
Y08C8.2B3CU0, . since the coherent regions are extremely small.
The present structural data on & Ba,Cu;0, report,
Pmmmand P4/mmmfor the orthorhombic and tetragonal therefore, only indirectly on the oxygen ordering in the GuO
phases, respectively, are summarized in Table II. plane. Since a trial refinement of diffraction data §or6.89
excluded a significant occupation of the alternative oxygen
[1/2 0 Q sites, we ascribe the first superconducting region
y=6.89-6.75 to the ortho | structure with infinite, slightly
The present study confirms a previous observation in Refoxygen vacant Cu-O chains. Nevertheless, the observed
2 that the calcium substitution in g¥Ca Ba,Cu;0, pro-  orthorhombic deformationb—a=0.039 A is markedly
motes the sintering process so that the materlal exhibitsmaller than the corresponding value of 0.065 A observed
nearly 100% of theoretical density. This has a positive effecfor the calcium free YBgLu,O,. We relate such small
on the long-time room temperature stability of the ceramicsorthorhombicity to an increased oxidation state of copper in
against oxygen gain or loss. High compactness may explaiohains due to calcium substitution. This assumption is con-
also the necessity of annealing temperature as high as 460 f€med by the analysis of bond valence sums which is de-
and times of about 150 h for redistribution of variable oxy- scribed below.
gen throughout the crystal grains. Otherwise, in a ceramics The second regioy=6.75-6.50 can be identified with
with pores and voids the oxygen exchange might persist tthe ortho Il structure of ideal oxygen stoichiomeiry6.5,
considerably lower temperatures. We note that, e.g., Jorcharacterized with regular alternation of Cu-O chains and Cu
genseret al. achieved an equilibrium after annealing for 300 rows in CuQ plane. The observed orthorhombicib/—a
h of a mixture of YBaCu;Og , and YBgCuyOg o9 in Ssealed  =0.015 A is again smaller than that of 0.042-0.044 A ob-
ampoule at 350 °C. served on single crystaland powder samplésof the
One of the important findings of the neutron diffraction YBa,Cu;Og 5 Stoichiometry. The reason why the ortho I
performed on the ¥Ca Ba,Cu;0, system is the linear in- type is not realized for the ygCa Ba,Cu;0, samples with
crease of the lattice parameter with decreasing oxygen con-y<6.50 may be related namely to the lower orthorhombicity
tenty as shown in Fig. 4. Similar behavior was reported forand, consequently, to a competition of another superstructure
YBa,Cu;0, by Jorgenseret al,* except for a small irregu- of idealy=6.5 stoichiometrythe “herringbone” structurd
larity near the orthorhombic-tetragonal transition which inwhich forms the Cu-O-Cu dimers instead of infinite chains.
fact we cannot rule out in the present system. The compariMe anticipate that namely these dimers exist in the third
son of our results with Ref. 4 suggests that in the wholgtetragonal superconducting phase for=6.50-6.40 and
region of the oxygen content the parameter is shortened persist possibly even in the nonsuperconducting region
due to the Ca substitution roughly to about 0.035 A. Somey=6.40-6.03.
What different data on YB&£u;O, were published by Cava The interatomic  distances displayed for the
et al® They refer, however, to the helium temperature so thal ; {Ca, Ba,Cu;0, samples in Table Ilmaximum standard
the comparison is not straightforward. deviation of about 0.01 Ashow some significant changes of
The structure of the YB&Zu;O, type consists of a se- cation-oxygen lengths with decreasigg The most marked
guence of atomic layers which play different roles in thefeature is the increase of the distance between copper in the
carrier doping and charge transfer. Two copper cations peCuQO, planes(Cu2 sitg and the apical oxygen O1. Barium
formula unit occupy sites Cu2 in the Cy@lanes, consid- ions move steadily out of both the O1 and the gradually
ered as the main conducting part of the superconductor, ardkepleting O4 sites and approach the O2 and O3 sites in the
one copper cation occupies the Cul site in the Qpi@ne of  CuG, planes. Similar shifts were reported previously for the
variable oxygen conter(tb=7—y). In the orthorhombic re- calcium free system. A significant difference concerns the

100 + "B

R (109m3C-1)

h

IV. DISCUSSION
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TABLE Il. Neutron diffraction data obtained for g¢Ca, ;Ba,Cus0O, .

Composition y 6.893) 6.522) 6.5012) 6.332) 6.132)
Lattice parameters a 3.8341 3.8502 3.8586 3.8580 3.8585
b 3.8735 3.8650 3.8586 3.8580 3.8585
c 11.668 11.719 11.729 11.754 11.776
Atom coordinates
Cul[00Q
Cu2[002Z] z 0.35646) 0.35965) 0.35965) 0.36085) 0.36245)
Ba[0.5 0.57] z 0.18679) 0.18977) 0.19027) 0.19197) 0.19426)
Y, Ca[0.50.50.9
0O1[002z] z 0.156110) 0.15437) 0.15548) 0.15498) 0.152§%8)
02[0.502z] z 0.374712) 0.373%13) 0.37734) 0.37734) 0.37714)
03[0 0.5Z7] z 0.380613) 0.379214) 0.3773 0.3773 0.3771
04[005Q
Bond length(A)
Cul-01 X 1.822 1.808 1.823 1.820 1.797
-04 2(y—6)x 1.936 1.932 1.929 1.929 1.929
Cu2-02 X 1.929 1.932 1.940 1.939 1.937
-03 2x 1.957 1.946 1.940 1.939 1.937
-01 (y—6)x 2.337 2.406 2.396 2.418 2.472
Ba-O1 X 2.748 2.759 2.758 2.763 2.772
-02 2x 2.926 2.894 2.923 2.911 2.892
-03 X 2.966 2.939 2.923 2911 2.892
-04 2(y—6)x 2.902 2.941 2.949 2.967 2.993
Y, Ca-02 X 2.426 2.436 2.407 2.408 2.412
-03 4x 2.370 2.389 2.407 2.408 2.412

z-level position of Cu2 site with respect to the oxygen 02,

O3 plane. In YBaCu,0, the out-of-plane displacement of 23 T T C'u2 |
copper decreases only sllghtly from 0.27 to 0.22 Amore 29 N
pronounced change from 0.25 A fgr=6.89 to 0.17 A for il T2 2o
y=6.13 is obtained in the present system. This may correlate 2.0 s
with the charge transfer to the Cu2 sites due to calcium sub- ——— T T 1
stitution, which is discussed below. 70 6.8 66 64 62 60
For a global characterization or parametrization of the ac- 244 g .
tual cation coordination it is useful to calculate the bond 2.2 Cul
valence suméBVS).** The results of this summation, appro- & 2.0 . .
priately weighted to allow for observed occupancies of oxy- 7 1.8 7
gen sites, are given in Fig. 6 and are complemented with g 1.6+ = N
calculated BVS for calcium free YB&uU;0, using the data 8 1.4+ 7
of Ref. 4. As pointed out by Browtf, the BVS do not always S T | T .
represent the true oxidation state since the interatomic dis- = 7 68 66 64 62 64'0
tances are imposed to internal strain. In particular, the Ba-O & 2.1 Ba .
bonds are in average compressed yor7 and they are 2.0 i) . .
stretched fory=6. An opposite strain influences the Cu-O 1.9 1 =
bonds. The strains are apparently releaseq-=a6.65 for To e8| ds | 1 &2 o
YBa,Cu;0, . For othery values a correction must be applied. ) ’ ' ’ ’
The strain correction for the Cul and Cu?2 sites of variable 291 M/Z’—Cj
valence consists essentially in a renormalization of calcu- 2.8 o ]
lated BVS with respect to the formal mean copper valence, 2.7 & = o ]
based on standard oxidation states of Ba, Y, Ca, aride® ] — ]
Ref. 14 for details 7.0 6.8 6.6 6.4 6.2 6.0

Oxygen content

Similar analysis in the ¥sCa BaCu;0, system shows
that the internal strains are released yo+6.55. If the BVS
in Yo ¢Cay BaCusO, are corrected for strain one obtains a  FIG. 6. The calculated BVS fdY,Ca), Ba, Cul, and Cu2 sites
very smooth change of the Cu2 oxidation state from 2.27 forlarge squaréscompared with results for the YB@u;O, system of
y=6.89 to 2.05 fory=6.13, with an extrapolation to about Jorgenseret al. (Ref. 4 (lines).
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A a tensile strain imposed by the most rigid part of the struc-
2.3 1 Cu2 ture, the CuQ plane. This suggests that the tetragonal phase
corresponds to the “herringbone” structure of Cu-O-Cu
w 2.2 . dimers rather than to a disorder of Cu-O chain segments. We
(% q\:‘t\j should add that in that case the true in-plane bond lengths
o 2.1 o - become uncertain and the calculated Cul sums in the tetrag-
g \\\ﬂ\mﬂ onal region are in some doubt.
§ 2.0 = In contrary to the bond strength summation which char-
- -— acterizes the hole distribution between the Gw#hd CuQ
é 7.0 6.8 6.6 6.4 6.2 6.0 planes but does not specify their character, the electric trans-
- - - T port properties carry an information on the itinerant carriers.
g 244 DD Cul An important information can be inferred from the ther-
g 2.24 . mopower data. The absolute values and temperature depen-
Z 204 . = dencies, shown in Fig. 1, are in general agreement with find-
‘1.8 . ings on high-temperature superconductors which possess the
ZH o i conducting Cu@ planes only and for which a universal cor-
1.4 N i relation between thermopower data and superconducting
L2 | properties has been report€dThe onset of superconductiv-
' — T 7T ity correlates well with a critical valug,qy~60 uV K ~* and
7.0 6.8 6.6 6.4 6.2 6.0 a maximumT, is achieved for the sample witB,g;~0

Oxygen content wV KL In that case th&S(T) dependence is linear below
300 K and sharply drops to zero & . This behavior seems
FIG. 7. The bond valence sums of Cul and Cu2 after a straii0 make questionable any significant contribution of Cu-O
correction following Brown (Ref. 14 (large squares: chains to the electrical conduction in the present
Yo.sCa BaCu0, ; lines: YBgCu0y). Y.6Ca Ba,Cu;0, samples. With respect to the influential
role of the oxygen ordering in the Cy@lanes on supercon-
2.00 fory=6.0 (see Fig. 7. This essentially linear depen- ductivity, the Cu-O chains should affect the carrier transport
dence with they content means a constant doping into therather indirectly via the charge transfer from the GuoO
CuG, planes of about 0.6 holes per one added oxygen. Th€uG, planes.
strain corrected Cul valence varies in the regyen6.89 The normal state resistivity in metallico¥Ca, Ba,Cu;0,
—6.13 from 2.45 to 1.36. samples gradually increases with decreasing oxygen content.
The comparison with the YB&u;O, data in Fig. 7 sug- This increase is accompanied with a decrease of itinerant
gests that for the oxygen rich sample=6.89 the calcium carrier concentration, manifested by an increase of the Hall
substitution generates additional holes in the Cu-O chainsonstantR, . As a result, the carrier mobility remains prac-
only, whereas for the oxygen deficient sampke6.13 ma- tically constant. The data summarized in Table Il show fur-
jority of additional holes enter the Cy(lanes. Neverthe- ther that the superconductivity and the metallic character of
less, this charge transfer due to calcium substitution is nothe normal state resistivity vanishes if the carrier concentra-
sufficient to preserve superconductivity down to low oxygention is lowered under certain critical valu@~0.08 hole/
stoichiometry. Cu2. The nonsuperconducting region is further character-
The corrected bond valence sums of the Cul atom inzed by a the sudden decrease of the Hall nhumber and the
Y04Ca BaCuwO, display a marked drop near the temperature activation of the Hall constant. All above men-
orthorhombic-tetragonal transition st=6.5. This anomaly tioned indications together with the discrepancy between the
does not occur in the calcium free system ¥B8a0,—see  hole concentration deduced either from the Hall effect or
Fig. 7. We assume that this irregularity does not mean an§rom the bond strength summation indicate a localization of
departure from linear dependence of the true oxidation statearriers in the nonsuperconducting samples below 300 K.
of Cul. Instead, it may indicate that the arrangement of thé®espite this qualitative change, the value of Hall mobility at
CuO; plane has changed suddenly and the bonds occurred BDO K is comparable to metallic samples—see Table .

TABLE lll. The Hall mobility xy and number of itinerant carriersy per copper atom in the Cy®lane
deduced from the resistivity and Hall effect data at 200 K. The formal hole concentrgtjgrfollows from
the bond strength summation for the Cu2 site.

y p(10°0m Ry A0 °mPC™YH gy 10*m?Vs) ny (hole/lCu?  ngys (hole/Cul
6.89 1.2 2 1.7 0.27 0.27
6.52 2.5 4 1.6 0.14 0.17
6.50 5 7 1.4 0.08 0.16
6.36 8 7 0.9 0.08 0.P2
6.33 30 60 2.0 0.01 0.11

4nterpolated value.
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V. CONCLUSION Moreover, each phase exhibits a distinct value of the room-
temperature thermopower coefficient which is preserved over

The Y, sCaq BaCu0, samples with a large range of the respective regions.

oxygen conteny=6.89-6.03 have been prepared under re- All three superconducting phases in, {4, Ba,Cu,0,

ducing or oxidizing conditions and were equilibrated at__, . . , - ; .
460 °C. Their complex study has shown that the supercon?Xhlblt sharp magnetic transitions with nearly complete dia

ductivity occurs forv=6.4. Earlier reported superconductiv- magnetism at low temperatures and a metalliclike electric
y fy=0.4. P P . conductivity in the normal state. The situation is dramatically

ity for y=6.0—6.2 should be likely ascribed to a surface 0XI'changed at the transition to the nonsuperconducting region

dation qf cry;tal grains in quenched Samp"?s- dbelowy:6.4 where a sudden localization of carriers is ob-
The investigation of the structure, electric transport, an L erved

diamagnetism in ¥sCay BaCus0, evidenced the important
role of the oxygen ordering in the Cy@lanes for the su-
perconductivity. Contrary to the two superconducting pla-
teaus found for YBgCu;0, with T,=90 and 60 K, three- The research was performed under a support of the Grant
plateau behavior was observed and was identified wittAgency of ASCR(Grant No. A110408 One part of the
crystallographically different phases in the present systemwork was carried out under the financial support of the Bel-
The first two plateaux correspond to phases Wittof 80 K gian Office for Scientific, Technical, and Cultural Affairs in
(6.82=y=6.75 and 50 K(6.75>y=6.50 and are associated Louvain-la-Neuve, Unit&le Physico-Chemie et de Physique
with the ortho | and Il structures, characterized with infinite des Mateiaux, UCL, Belgium. One of the authorg.H)
Cu-O chains. The third plateau corresponds to macroscopiwould like to acknowledge this support and to thank J. P.
cally tetragonal phase with.=25 K (6.50=y=6.40 and is  Issi, E. Grivei, and S. Dubois for helpful discussions. We are
possibly associated with formation of the Cu-O-Cu dimersgrateful to D. Zemanovéor the chemical analyses.
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