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Abstract: Important features of the internal chemistry of the quadruple perovskite family of layered cuprates, such
as solid solution behavior, stable defect species, and oxidation behavior, have been investigated by structural and
physical property measurements and related to the inner architecture of these potential superconductors. In-situ
high-temperature (658800°C) electrical conductivity and Seebeck coefficient measurements have been performed,

in various oxygen partial pressures, on pure and chemically substitutéd'IBe,Cu,TiO11 (LN'LN"" = LaY or

NdDy) compounds. The electrical properties display transitions from dual carrier (intrinsic) semiconductivity to
extrinsically doped p-type semiconductivity as a function of chemical composition, temperature, and oxygen pressure.
The exclusion of interstitial oxygen defects between the copprygen double layers, as evidenced in the weak
oxygen partial pressure dependence of the electrical properties in the L@¥B&011 systems, is directly related

to the A-site order and is an important step toward achieving superconductivity by preserving the structural integrity
of the Cu@?™ planes. The electrical properties of the NdDy system, however, are strong functions of the oxygen
partial pressure, indicating that oxygen defects play an important role in determining their properties. Oxidation of
the latter compound has been achieved, and underdoped metallic behavior reminiscent of known superconductors
has been observed at low temperatures {130 K). Jonker analysis of the electrical properties of the highly
oxidized material further illustrates the similarity of the transport behavior of the quadruple perovskites to
superconducting cuprates. A combination of synthesis and annealing methods which allow for both increased
substitution levels and carrier concentrations should lead to superconductivity in the ordered-lanthanide quadruple

perovskites.
Introduction stoichiometry LALN"Ba;Cuw,;Tiz0O1146 (LN'LN" = LaY, NdDy).
L ) ) . The normal state properties and absence of superconductivity
It is widely recognized that highi, cuprates contain Cu®" are directly related to several features of the inner architecture

sheets interleaved by inorganic layers and that to realize 4y internal chemistry of quadruple perovskites; however, the
superconductivity an appropriate concentration of charge carriersyential for superconductivity in these materials is demonstrated
must be introduced, thereby oxidizing or reducing the €00 54 discussed.

sheets. The amount and type of stable charge carriers are
controlled by the internal chemistry such as oxygen intercalation, Figure 1 and was first reported for the materiabBa,Cuy-
solid _solutlon limits, an(_j stable defect species. Because the.seSrlen.l Several research groups achieved the replacement of
chemical factors are d"?c“y rela_ted to t_he obs_gr\{ed atomic ;| by titanium for the stoichiometries LBaCuw,Ti 01 (Ln =
structure and macroscopic properties, in-situ equilibrium physi- La—Th)2-6 The structure can be described as an oxygen-

ggltapmf:\:ité/er?r?\?;lld;ebr}le?r:zi, E??ialtge?hzvzgngnll:;((alsglti:ju(;tt:rtil deficient perovskite where concerted order of the cations and
P 9 P the oxygen vacancies results in the familiar double square

chemistry of cuprate superconductors. We have been investi- . .

gating the electronic/structural aspects of both superconducting?géagéda.}.l Iiygrzs g ?Sﬂ%ﬁfgfgg‘gf;’}’@dﬁ% 2)85202%3%27
and non-superconducting layered cuprates in order to discern L Af K\ 1L12 ¢ '

their fundamental differences. Herein, we report on several pureCaCQOG (Te = 60 K). The copper-oxygen sheets are
and chemically substituted quadruple perovskites, of the nominal ™ (1) anderson, M. T.; Poeppelmeier, K. R.; Zhang, J. P.; Fan, H.-J.; Marks,
L. D. Chem. Mater1992 4, 1305-1313.

The structure of the quadruple perovskites is depicted in
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6 100 An important chemical feature of the quadruple perovskites
is the occurrence of anionic defects, either as acceptor doping
species or compensation mechanisms to substituted cations
(depending on the type and structural location of the defect).
The dependence of the equilibrium electrical conductivity on
the partial pressure of oxygen for the quadruple perovskites at
elevated temperatures was explained on the basis of doubly
charged oxygen interstitials residing between the (&0
sheetd3 While it was demonstrated that these anionic defects
did indeed oxidize the copper oxygen planes, the extent of
doping was insufficient (even at high oxygen pressures) to
induce superconductivit2 Moreover, the structural location

of these defects may be deleterious to superconductivity. Band
structure calculations showed that the two-dimensional character
of the Fermi level in the quadruple perovskite is destroyed when
extra oxygen is incorporated between the copjeetygen square

@@ @

@

Figure 1. Polyhedral representation of the quadruple perovskite,

Ln'Ln""BaCwTi,013, Structure. The copper cations sit at the center of L4 . .
the square pyramids, titanium cations at the center of the octahedra,pyram'ds' Several doping studies have shown that regardless

and oxygen at the vertices of the polyhedra. Thé, ILm"”, and Ba of the doping stra_tegy _adoptjeﬁ‘l_g a significant ir_lcreas’_e ir?

cations correspond to the small light spheres, large light spheres, andCarrier concentrations is not achieved. Recent investigations

large dark spheres, respectively. by the authors61° and other¥~171° have shown that anion
vacancies compensate successful acceptor substitutions, leaving

interleaved by a double layer of corner-sharing octahedrally the copper-oxygen planes underdoped. Therefore, strict control
coordinated cations (perovskite bloek&BO3) resulting in a  ©of the inner architecture will be required if optimal doping
tetragonal cell of approximate dimensiore, k 1a, x 4a, (ap concentrations are to l:_)e r_eall_zed. In addm_on, the_chem|cal
= cubic perovskite cell dimension). Compared to the afore- factors which restrict oxidation in these materials are important
mentioned superconducting systems, the double-octahedra blockio understand in order to realize superconductivity in this
ing layer in the quadruple perovskites results in a large Structure and other related layered cuprates.
separation between conducting coppexygen layers. Thus, Recently, we reported several new materials belonging to the
comparisons between similarly doped quadruple perovskites andquadruple perovskite family of the stoichiometriesLmi'Bay-
known superconducting systems would provide insight concern- Ct,Ti2O11 (Ln'Ln" = LaY, LaEr, LaHo, and NdDy¥° Powder
ing the importance ofc-axis coupling in superconducting  XRD results showed that the lm"” = LaY compound adopted
cuprates. an ordered A-site arrangement such that the smaller yttrium ion

The absence of superconductivity in the quadruple perovskitesresides between the basal planes of the-Owsquare pyramids,
has been partly attributed to the long €0 in-plane bond in the plane of the ordered oxygen vacancies. The smaller
lengths €1.95 A for ThBaxCu,Ti20118 and GdBaeCu,Tio0143 lanthanide cation reduces both the distance between the eepper
and ~2.00 A in LaBa;C,Sn:011Y) which are 0.0+0.06 A oxygen planes and the in-plane coppekygen bond length
larger than known hole-type superconductors. In-situ high- (with respect to the parent compounds). In YBCO and related
temperature electrical conductivity and thermopower measure-cuprates, intercalation of oxygen between the copper sheets is
ments of several of these materials BaCt,SrO11, La,Bay- not observed when the small yttrium occupies the cation site
Cu,Tiz011, and EuBa,Cu,TioO11) demonstrated the similarity ~ between planes. The A-site order in the’limi’ = NdDy
of their transport properties to those of the superconducting compound could not be ascertained directly from the XRD data
layered cuprates and showed that low carrier concentrations werglbecause of the similarity in X-ray scattering factors of the two
predominantly responsible for the absence of superconductiv_Ianthanides) but was inferred to be similar with the LaY material
ity.13 Band structure calculations confirmed that the electronic Owing to a similar c/a distortion. Moreover, the coppekygen
structures of the quadruple perovskite materials were extremelybond lengths, in the NdDy compound, were the smallest in the
similar to other highF. cuprates (having extended two- mixed lanthanide materials, and therefore, this material is a very
dimensional Ct+O bands crossing the Fermi level and van Hove attractive candidate for realizing superconductivity. We are
singularities below the Fermi level}. These observations interested in understanding whether these site-selective substitu-
imply that there is no fundamental physical impediment, such tions have an effect on the material's defect and chemical
as long in-plane CuO bond lengths, to obtaining supercon- properties and their correlations with the normal state and
ductivity in the quadruple perovskites, and that a complete superconducting behavior.
understanding of these materials has yet to be attained. The LiLn"Ba,Cu,Ti»O11 materials, with their unique A-site

. ordering and reduced bond lengths, are therefore very attractive

Jor(ggfsimo'J_Mb'.Aé;raigdgr?'.rgcmlg' Vi _%%%Cr’ge'c b !"Z'T]';Sr;ggﬁ G- candidates for superconductivity. This communication reports
Phys. Lett1987 51, 57—59. T T ’ specific variations in the inner architecture to achieve appropriate

(9) Vaughey, J. T.; Thiel, J. P.; Hasty, E. F.; Groenke, D. A; Stern, C. carrier concentrations and in-situ thermopower and conductivity
égeprﬁe&‘ﬁmgi 'é gRé?SP;:’(;OWSk'v B.; Hinks, D. G.; Mitchell, A-W.  studies. Both nominally undoped materials, with the stoichi-

(10) Roth, G.; Adelmann, P.; Hegar, G.; Knitter, R.; Wolf,JT Phys. | ometries LALN"Ba&CupTiO11 (Ln'Ln" = LaY and NdDy), and
1991, 1, 721. chemically substituted derivatives, NdDyB&SKCup+yTiz—yO11

(11) Cava, R. J.; Batlogg, B.; Dover, R. B. v.; Krajewski, J. J.; Waszczak,
J. V.; Fleming, R. M.; Peck, W. F., Jr.; Rupp, L. W., Jr.; Marsh, P.; James, (16) Gormezano, A.; Weller, M. TPhysica C1994 235-240, 999

A. C. W. P.; Schneemeyer, L. Nature 1990 345 602-604. 1000.
(12) Kinoshita, K.; Izumi, F.; Yamada, T.; Asano, Phys. Re. B 1992 (17) Gormezano, A.; Weller, M. TChem. Mater1995 7, 1625-1630.
45, 5558-5563. (18) Greenwood, K. B. Ph.D. Thesis, Northwestern University, 1995.
(13) Salvador, P. A.; Shen, L.; Mason, T. O.; Greenwood, K. B,; (19) Palaan, M. R.; CasarPastor, N.; Kianer, G.; Jansen, M.; Goez-
Poeppelmeier, K. RJ. Solid State Chen1995 119, 80—89. Romero, PPhysica C1996 261, 71—80.
(14) Novikov, D. L.; Freeman, A. J.; Poeppelmeier, K.HRys. Re. B (20) Greenwood, K. B.; Sarjeant, G. M.; Poeppelmeier, K. R.; Salvador,
1996 53, 9448-9452. P. A.; Mason, T. O.; Dabrowski, B.; Rogacki, K.; Chen,Zhem. Mater.

(15) Jennings, R. A.; Greaves, Bhysica C1994 235-240, 989-990. 1995 7, 1355-1360.
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and La+YBay—Clp4,Tio—yO11, Were investigated using equi- T T A " Jiso
librium high-temperature electrical property measurements. The 3.905 phasebotindary '

solid solution limits and the effect of high oxygen pressure
treatments were investigated. The normal state conductivity and D *
thermopower are reported as a function of oxygen partial 3.900
pressure, temperature, and composition, and Jonker analyses are
used to make comparisons to known superconductors. The

electrical property measurements are used to elucidate the 3.895
internal chemistry of these complex solid state materials.

15.8
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Experimental Section 3.890+ |
LT
1

Samples were prepared by the solid state reaction of stoichiometric
amounts of Ln@s (Ln = La, Nd, Y, Dy), ACG; (A = Ba, Sr), CuO, . L '
and TiQ, all of which were of purity above 99.99%. Thex was ’ ’
heated at 600C for 1 h prior to use to convert any hydroxide back . . o
into the oxide, and AC@was annealed in COat 800°C to remove Figure 2. Tetrag_onal Iattlce_ parameters versus substltu_tlon level for
hydroxide and nitrate impurities. The reagents were ground and fired the LaYBaCuyTi>—,Ouu, (circles) and LaxYBa,Cle+yTiz—yOrix
in high-density alumina boats at 95 in air for 1 day. Each sample  (SQuaresx =y) compounds. The phase boundary is indicated as a
was air quenched, ground, and pressed into a pellet several millimetersvertical dashed linea parameters are indicated by filled symbols, and
thick and 0.5 in. in diameter. The pellets were then fired at 025 C Parameters are indicated by the unfilled symbols.
1050°C in air and subsequently quenched, ground, and refired several
times during the course of a3 day reaction period. Select samples successful in the NdDyBa,SkCup+yTiz—yO11+5 System. The
were subjected to high oxygen pressure treatments in 200 atm of puresubstitution of the isovalent strontium for barium was performed
oxygen. Annealing temperatures ranged from 650 to 8DPwith to decrease the in-plane copp&xygen bond lengths, while
higher temperatures used_ for_phase a_ssemb!age investigations and Iqwqhe substitution of the lower valent copper for titanium was an
temperatures used for oxidation stgdles of single-phase samples. H'ghattempt to increase the copper oxidation state in the £uO
oxygen pressfulrle tregt'raner}ts cons:sted of 23 h/an_neals at the elevateglanes_ Samples with varying valuesyoandy (x = 0.0, 0.5,
temperature followed by slow cools, at 0.2 deg/min, to room temper- 1.0;y = 0.0, 0.1, 0.2, 0.4) were characterized for phase purity

ature. . ; .
A Rigaku diffractometer with nickel-filtered Cu & radiation was and lattice parameters with powder XRD. Single-phase samples

employed to collect data on the quenched polycrystalline samples. Phasdvere attained for G< x < 0.5, 0=y < 0.2. Samples with

115.6

purity of the samples was ensured by collecting data with9 @@n higher substitution levels yielded multiphase products, a main
from 15 to 90 with a step of 0.02and a collection time of 10 s at  phase of the quadruple perovskite, and minor phases which
each step. could be identified as D¥Xuw,Os, Dy,0O3 and BaTiQ. The

Hydrogen reduction thermogravimetry was performed using a NdDyBay sShh sClp2Ti1 801146 Sample has the smallest lattice
Dupont Instruments 951 thermogravimetric analyzer (as previously constant of the phase-pure compositions, veitls 3.8834(3)
reported for several quadruple perovskitésf. Samples were heated g and ¢ = 15.643(2) A Compared to those of the parent

at 900°C in an 8.5% H/91.5% He atmosphere until an equilibrium : X — —
weight was established, to reduce the compounds to known componentsig?ggl(];)db\;\zlg 5}&%;:{33;;%5? is ?ﬁgg?igéeﬁtaggng the

which were identified by an X-ray diffraction trace. . hil . d in theaxis is ob d
Simultaneous four-point conductivity and thermoelectric coefficient €-@XIS, While a minor decrease in tiaaxis Is observed.

measurements, at temperatures ranging from 650 to °8Q0were Replacement of barium and titanium by lanthanum and
performed using an apparatus described previodgly The measured copper, respectively, was successful in thep¥Ba,_«-
conductivities were corrected to account for the relative density of the Clp4yTio—,O1145 System. Attempts to synthesize strontium-
specimens (70%85%)? Flowing premixtures of oxygen and argon  sybstituted samples, analogous to the NdDy system, were not

were used to vary the oxygen partial pressure above the sample, fromperformed, as the above results (and similar results in the
105 to 1 atm of oxygen, while the total pressure was maintained at GdBa_,SLCWTi,Or
— z

1 . . L
one atmosphere. A Thermox (Pittsburgh, PA) oxygen meter, placed lattice constants Whi?eIier:jc'ﬁggligortiicgﬁ)isicmc?ri IrI]e5)<|i'{[jl n?)f
downstream from the sample, was used to confirm the oxygen partial ! g p y

pressure. Measurements were taken only after steady state had beeH'€ System. Samples with varying valuesxaindy (x = 0.0;
achieved: typical equilibration times were-82 h per datum. Priorto Y = 0.0, 0.1, 0.2, 0.4 ana¢ = y = 0.0, 0.1, 0.2, 0.4) were
removal of the NdDyBasSt sCl 2Ti1 €011 Sample (discussed below), ~ characterized for phase purity and lattice parameters with
measurements were taken during slow cooling from 800 to ADO powder XRD. Single-phase samples were attained for stoichi-
under pure oxygen at a rate of 20/h. ometriesx =y < 0.2 andy = 0; x < 0.2. (It should be noted
Temperature-dependent magnetic susceptibility measurements werahat it was difficult to obtain phase pure samples of the
performed using a Quantum Design Corp. MPMS SQUID susceptom- 0.0,y = 0.0 sample reproducibly. In some synthesis attempts,
eter over the temperature range30 K. Approximately 100 mg of small amounts of unreacted BaTiQuere observed as an
sample (contained in a gelatin capsule) was coadeslK in zero field. impurity which did not react even on prolonged annealing.)

Measurements were then taken in a field1oT as thesample was . . i . .
heated to 300 K. Samples with higher substitution levels yielded multiphase

Temperature-dependent resistivity measurements were made on seled?foducts with a main phase of the quadruple perovskite. The
samples, in the range-800 K, using a standard four-point measure- lattice parameters of the LaYBa, xClp+yTi>—yO114 Systems

ment technique on bar-shaped specimendQ x 2 x 1 mn¥). are displayed in Figure 2, and vary such that the a-axis increases
Electrical contacts were established using silver paint, and measurementslightly and thec-axis decreases slightly as a function of
were made using current densities in the range-Q.inA/crr?. increasing« andy. The lattice parameters for the solid solution
Results limits are as follows:x =y =0,a = 3.8969(3) A2c = 15.716-

. o _ (2 A;x=0,y=0.2,a=3.9010(5) A,c = 15.705(5) A; and

Stability Ranges and XRD Characterization. Sgbst!tutlons x = 0.2,y = 0.2,a = 3.9015(5) A,c = 15.695(5) A. The

of both strontium for barium and copper for titanium were ,_ayis increase is most closely tied to the copper content, as

19§élggrg§t9”j%g'{"atts’ A.; Dorris, S. E.; Mason, T.DAm. Ceram. S0C.  the yalues in the single-phase region are quite similar for the
22) McLachlan, D. S.: Blaszkiewicz, M.: Newnham, RJEAm. Ceram. two substitution schemes, while thexis contraction is slightly

Soc.199Q 73, 2187-2203. larger when barium is replaced with the smaller lanthanum
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Figure 3. Oxygen content (11 0) for the LaYBaCubiyTiz—yO1145 Ln Conductivity (Q-cm)-!
system. The phase boundary is indicated as a vertical, dashed line.
Beyond the solubility limit, the doping level and oxygen content have b 250
no real meaning for a single phase but are representative of the oxidation 1 NdDyBa;CuTi01 145 NdDyBa, 5819.5Cuz 5Ti; g0t 545
state of copper distributed between several phases. The solid line .
indicates the expected values if all the copper cations are divalent. Z 200 7 o~ "A‘V‘D
= . // OO *,
cation. A similar effect was observed when the smaller :3:“ 150 4 / PE'E‘S i .
strontium was substituted in the NdDy system (see above). z 1 0 o m%%
In both the NdDyBa ,SrClp1yTiz—yO114¢ and the Laiy- §* 1 ¢ * .
YBay Clb+yTiz—yO114 Systems, it was observed that the overall E 1004 | . %n
trends in the lattice parameters continue into the multiphase &£ 10 * %%
region. This indicates that the stoichiometry of the main 504 1 AN
quadruple perovskite phase continues to vary in the multiphase 1 00 \
region and that isolation of the more highly substituted phases 0 Lo : » .
may be possible under appropriate synthesis conditions. We 2' T '1 o '(') t 1' t 2' o 3" t Ialtl " '5
attempted high oxygen pressure treatments in the multiphase i ) o
region and were unable to alter the phase assemblage to a Ln Conductivity (Q-cm)!
discernible extent. ¢
Thermogravimetric Analysis. The oxygen contents of the 250 -
as-synthesized materials yield the following chemical formu- .
las: NdDyBaCu,TizO11 0101, NADyBa St sCUp 2Ti1.6010.78¢0.1, S 200 .
LaYBaCu,Tiz010.98:0.1, LaYBaCup 2Ti1.¢010.77:0.1, @and La > > ] LeYBaCuaT0110
YBa; Cl 2Ti1 801083005 These values correspond to nomi- 2 ] — ~ R '
. ; . - 5150 - Laj2YBa; gCuy,Tiy 501148 o  LaYBaCwyaTi g0;1us
nally divalent copper in all systems (as synthesized) and indicate ¢ - N a
that substantial oxidation of the Cy® sheets has not taken §. s rox””
place, even upon chemical substitution. Figure 3 illustrates the £ 100 - o Vy
oxygen content variation as a function of copper doping in the é’ 1
LaYBaCuy+yTio—yO1144 System. It is important to note that, 50 -]
. L ; : X . 0
while the statistical scatter in the experimental thermogravimetric ] .
data is too large to accurately address the overall charge state i b |
of copper in these materials, these data clearly indicate that [ B B UL L L L
oxygen vacancies are an important compensation mechanism -2 -1 0 1 2 3 4 5
when copper is substituted for titanium. Values in the mul- Ln Conductivity (©-cm)-!

tiphase regions cannot be correlated directly with an oxygen gigyre 4. Jonker plots of quadruple perovskites. Insert in part a is a
content of the quadruple perovskite phase, owing to the schematic Jonker plot. The region shown by the circle of low
uncertainty in the composition of that phase. However, the thermopower and high conductivity is associated with superconductivity.
thermogravimetric weight loss agrees with divalent copper being Symbols correspond to temperatures as follows~ 650 °C, O ~
reduced to copper metal regardless of the distribution of copper700 °C, v ~ 750 °C, anda ~ 800 °C. At each temperature, data
between phases (assuming full oxidation of other cationic Points correspond to oxygen partial pressures of,10074, 103, 1072,
species). Similar trends in the oxygen contents have beenlql' and 10° atm in_ a clockwise fashion (unless indicated other-
reported in doping attempts on related quadruple perovs- Wis€): (8) EBaCLTi:O1,, adapted from ref 13; (b) NdDyBa-
Kites 161819 High oxygen pressure treatments at 9Q0did not ~ >nCUzryT12O1s: (€) LawnYBa-,ClesyTizOuso.

significantly alter the lattice parameters or oxygen contents for jng electrical properties, are discussed in detail elsewtié?e?
either the LaY-based or the NdDy-based compounds. Figure 4a-c are plots of the thermopower versus the natural
Electrical Characterization and Analysis. In order to more logarithm of the conductivity (Jonker plots) for the systems (a)
accurately address the overall charge state of copper, in-SitUg,Ba,Cu,Ti, 01146 (data taken from ref 13), (b) NdDy-
electrical property measurements were conducted. A particu- Bay—xSKClp—yTiz1yO11:5, and (c) LaixYBap—Clp+yTisy-
larly useful analysis method of thermopower and conductivity o,,,,. The dashed lines through the data for,BasCu,-
data, especially in understanding the internal chemistry of 1j,0,,, (Figure 4a) are fitted curves based on a two-band

layered cuprates, is the method developed by Joftkéthe  semiconductor modé® and these data are included here to
mathematics of Jonker analysis, and its usefulness for interpret-

(24) Su, M.-Y; Elsbernd, C. E.; Mason, T. @.Am. Ceram. Sod.99Q
(23) Jonker, G. HPhilips Res. Repl968 23, 131-138. 73, 415-419.
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highlight the salient features of this analysis method. The structures and electrical properties of these two systems is strong
dashed lines through the remaining data also correspond to theevidence that the defect structures are similar as well. The
semiconductor model and are included as a guide to the eye.overlap of the data at the two different temperatures, ip $0
The limited span of the data in the current investigations leads 1 atm (the extrinsic case), is also similar to the undoped Eu
to some uncertainty in the actual curves, and therefore, little system, further suggesting a similar defect structure on the
emphasis is placed here on the transport parameters calculatedxygen sublattice.

from these fits. Of particular importance in analyzing these  The doped NdDy system (NdDyB&SrhsCup2Ti1g011+6)

data, however, with respect to the internal chemistry of materials, exhibits only extrinsic, p-type behavior, where the carrier
is the region of the curve where the data falls and also the spreadconcentrations are functions of both the temperature and oxygen
of the data as a function of the oxygen partial pressure or partial pressure. Thermopowers as low as/80K (at the
chemical substitutions. The position of the high conductivity lowest temperature and highest oxygen partial pressure) dem-
intercept with the zero thermopower axis has interesting physical onstrate that the oxidation of the CpfO sheets can be achieved
implications, and empirically observed values of this intercept in the quadruple perovskite materials. While the oxygen content
are strikingly similar for superconducting cuprates (see the analysis indicated that limited oxidation occurred under the
Discussion). synthesis conditionsT(~ 1050 °C, pQ, ~ 0.21 atm), the

The region on the low-conductivity side of the thermopower €lectrical property measurements demonstrate that carrier
maximum, having the large positive slope (see the fitted curves concentrations can be increased dramatically by appropriate
in Figure 4a), corresponds to the intrinsic regime (both electrons @nnealing of specific compositions. Compared to known
and holes contribute to the electrical properties). In layered Superconductors, the thermopower values of the doped NdDy
cuprates, this region would correspond to a nominally divalent System correspond to an underdoped state on the cusp of the
copper system. Positive values of the thermopower indicate 'egion where superconducting materials are observed (ther-
that holes are the majority contributors to the conduction processmopower values below:40 xV/K). The origin of the depen-
and that oxidation of the coppepbxygen network is the  dence of the carrier concentrations on temperature and oxygen
predominant chemical process. The p-type extrinsic (single Pressure is d_|scussed below. The absolute conqluctlwty values
carrier) regime corresponds to the linear region on the high- aré greater in the doped NdDy system than in any of the
conductivity side of the thermopower maximum, having a slope quadruple perovskl'ges and are similar to those observed for
of —k/e (k is Boltzmann’s constant areis the unit of electronic ~ YBCO (see discussion).
charge). This slope is labeled in Figure 4a but is equally true  The high-temperature electrical properties of the -
for all the plots in Figure 4. As the Cuyd planes are oxidized,  B&-xCle+yTiz—yO1145 System (Figure 4c) contrast those of the
a transition from intrinsic behavior to hole-doped extrinsic Eu or NdDy systems, in that the compositions investigated have
behavior is expected, as has been previously observed in layere@lectrical properties which are much less dependent on oxygen
cuprates, including the quadruple perovskites. SuperconductingPressure. This family differs structurally from the materials
compositions display properties in the extrinsic region (heavily investigated in Figure 4a,b in that the small yttrium cation
doped) with thermopower values belewd0,V/K. In addition, preferentially occupies the 8-coordinate A-site between the
deviations from the ideal semiconductor Jonker curve occur, COpper sheet¥. This allows for a contraction of the distance
as the thermopower approaches zero in the extrinsic region,separating the Cu®" planes, making oxygen intercalation in
owing to a semiconductor-to-metal transition at large doping this region energetically unfavorable, as reflected in the limited
levels in the layered cuprates. Since the carrier concentration,résponse of the electrical properties to variations in the oxygen
or oxidized state of the Cu® planes, can be related to the Partial pressure. LaYBE&,Ti;O11+s displays p-type extrinsic
stoichiometry of the material, the position on the curve is Pehavior with little sensitivity of the thermopower and conduc-
dependent on both the oxygen content and cationic composition.tVity to 0xygen pressure or temperature. S|m|I?r behavior is

In Figure 4a, the electrical properties are observed to be strongObserve.d for YS;Cu?GaO;, the paren_t undoped _compound
functions of the oxygen partial pressure. Transitions from of the triple perovsl_qtg superconductlng far.rﬁﬁ/.Thlls relat(_aq
intrinsic behavior to lightly doped extrinsic behavior are compound has a similar structural motif with yttrium residing

g s .. _between the coppeioxygen double sheets. The origin of
obs<_arv1_ad as the_ oxygen partial pressure is increased. In aOIOIItlonlextrinsic behavio?ﬁn thgge undoped materials is undetgermined
the intrinsic regime becomes more prevalent as the temperaturebut is likely due to local inhomogeneities or slight deviations

is increased, owing to the thermal generation of carriers acrossc the nominal chemical composition. Similar local inho-
a band gap. These are all consistent with a material which has i o P - L
. - . - i mogeneities or deviations from nominal stoichiometry are
been slightly oxidized owing to the intercalation of oxygen, but :
probable explanations for the very weak oxygen pressure

's severely und_er(_joped In relation to the populations where dependence of the electrical properties observed for the LaY
superconductivity is observéd. materials. as well
T Both the ’t\ldDyBFa.‘CUZTZg“i" angl '\:SDVB%S;?:%UM LaYBaCu, 5Ti1 g01115 also exhibits p-type extrinsic conduc-
11601140 Systems (Figure 4b) resemble the;BaCLeTizOp1ro tivity and has slightly lower thermopower values than its
system, in that t_he electrical properties are strong _functlo_ns Ofundoped parent compound, indicating that some electronic
th.e oxygen partial pressure, put the curves are shifted slightly compensation (an increase in the carrier concentration on
with respticgtc()) thed C%%%’Ct'vg%.values' The lfJndopeo! N.dDy doping) has occurred. This material also has conductivities
SySte’T‘T— .5 and 7 )qx : its atra}n3|t|on rom |ntr|n5|c' whose absolute magnitudes are higher than the parent material,
behavior tp I!ghtly doped "”?”'”S'C behavior as the Ooxygen partial as was observed in the doped NdDy system. The thermopower
pressure is increased, as in the Eu system shown in Figure 4a, 65 however, are not vastly different than the undoped
In addition, the temperature dependence of the electrical 00 ng, further showing that the substituted copper cations
properties is in accord with a lightly doped, p-type intrinsic 6 "t 3 great extent, self-compensated in these systems (as
material. The defect species responsible for oxidation, in the geep i the thermogravimetric results). Most notably, the copper

europium system, was determined to' be interstitial oxygen. substitution in LaYBaCuy sTi1§O114s, €ven after low-temper-
We cannot determine the defect species of the undoped NdDY,qre anneals, does not result in large changes in the carrier
system unambiguously from the present data, lacking more data

in the extrinsic regime. However, the similarity of the crystal (25) Tomlins, G. W. M.S. Thesis, Northwestern University, 1992.
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Figure 5. Temperature dependence of the electrical properties for the

NdDyBa sSfh.sCle 2Ti1 801145 System. (a) Reduced thermopower plotted
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plotted as a function of inverse temperature. The value of the
reduced thermopowe®g, is given by the following equation,
which is valid for extrinsic p-type semiconductors:

- _—€Q
2.30%

+

A
_ _ +
=logp—logN" + 5303

Qr

@)

wherep is the concentration of holek!" is the density of states
in the valence band, an&" is a transport constant for holes
with a value between 0 and??. As observed in Figure 5a, at
any given oxygen pressure, the carrier concentrations increase
as the temperature is decreased (assuming the density of states
and transport coefficient are temperature-independent). This
behavior is in contrast to the temperature-independent behavior
observed in the extrinsic region of the related quadruple
perovskites, LgBa,Cu,TioO13 and EuBaCu,TizO11,13 but is
similar to that observed in the YBCO materials. The enthalpies
of oxidation, or generation of holes, in the former systems were
shown to be near zero, while the enthalpy of the doped NdDy
system varies as a function of the oxygen partial pressure.
Values between-0.23 and—0.10 eV (pQ[atm]/AHu[eV]:
10°5-0.23,104-0.21, 10%-0.21, 10%-0.18, 10%-0.13,
10°%—0.10) were derived from the data shown in Figure 5a.
Since the composition must be changing as a function of
temperature and oxygen partial pressure, leading to the observed
dependencies of the carrier concentrations in the extrinsic
regime, the enthalpy of oxidation must be composition-
dependent in the NdDy material. The difference between the
undoped parent compounds and the doped analogue can be
explained by the filling of different oxygen sites in the two cases
and is discussed further below.

Figure 5b is a Jonker plot of data collected as the sample
was slow cooled in 1 atm of oxygen and shows that ther-
mopowers as low as 40V/K are attainable in this system. Also

versus inverse temperature. At each temperature, data points correspongoticeable in this analysis is the deviation, at the lowest

to oxygen partial pressures of #9104, 1073, 1072, 1071, and 10°

thermopower values, from linear behavior. The straight line,

atm, from lowest to highest reduced thermopower values. (b) Jonker in Figure 5b, is the slope expected for an extrinsic semiconductor

plot of the electrical properties of this system as it was slow coated (
20 °C/h) in pure oxygen. Approximate temperatures are indicated in
the illustration.

and the deviation toward higher conductivity values is consistent
with a semiconductor to metal transition. Resistivity measure-
ments at low temperatures confirm a decreased resistivity with

concentration, in contrast to the observations in the doped NdDy decreasing temperaturg'(*°°% = 8 mQ cm , p™10% =7 mQ
system. Intercalation of oxygen is not observed in the undoped €M), consistent with metallic behavior in this highly doped

LaY material (as evidenced in the electrical properties) but is
observed in the undoped NdDy system, implying that the A-site
order, which effects the availability of intercalation pathways,
is a significant factor in, and may ultimately control, the
oxidation behavior of the blocking layer.
Interestingly, the LasYBa; §Cup 2Ti1 8011+ System displays

largely intrinsic, p-type behavior. Thus, the cosubstitution of
lanthanum for barium and copper for titanium in the nominally

material.

Magnetic Characterization. The temperature-dependent
magnetic susceptibility of select samples, quenched from 1050
°Cin air, in the La+xYBay—xClp+yTi>—yO11+ System are shown
in Figure 6 (Note that the = 0.4,y = 0.4 andx = 0.0,y =0.3
samples not pure phase, as was discussed above). An antifer-
romagnetic transitior~13 K), typical of lightly doped layered
cuprates (the parent phases of superconductors) is observed in

undoped compound, which can be regarded as self-compensatingeveral of the samples. As carrier doping increases we expect
if the extra lanthanum and copper are both trivalent, allows the the antiferromagnetic response to become weaker, if these

system to move closer to the intrinsic regime (the gp@anes
are less oxidized). The LaYBa; §Cu; 2Ti1 801145 Material can
also be considered as a slightly donor doped{Lfar Ba2")

analogue of the LaYB&uw,,Ti1g011 material. The donors

materials behave similarly to the high-cuprates. The data in
Figure 6 suggests that carrier concentrations increase, in the
LaYBaCuy+yTi>—yO11+5 System, ay is increased. In fact, the
magnetic behaviors of the= 0,y = 0.2/0.3 samples show no

remove carriers from the System resulting in the observed evidence of an antifel’romagnetic transition. The cosubstituted
intrinsic behavior. This transition to the intrinsic regime, Samples, LaxYBa,-«Cup+yTiz—yO1145 X =y = 0.2/0.4, have
resulting from variations in the material’s stoichiometry, sup- the strongest antiferromagnetic response of the samples inves-
ports the argument that similar variations in the local chemical tigated, suggesting that the carrier concentration decreases on
Composition of the parent Compound cause the anomalous p_typéosubstltutlon. The trends in the carrier concentration observed
extrinsic behavior observed. in both the SQUID measurements and thermopower measure-
The temperature dependence of the electrical properties inments agree well. SQUID data on the NdDy samples are similar
the NdDyBa St sClp2Ti1d01109 Sample are displayed in  in nature to the LaY samples but are not included owing to the
Figure 5a,b. In Figure 5a, the thermopower has been convertedstrong compositional effects that variations in the annealing/

to a “rgduced" thermop.ower valug®r (which is directly (26) loffe, A. F.Physics of Semiconductotsfosearch Limited: London,
proportional to the logarithm of the hole concentration), and 1960.
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Figure 7. Comparative Jonker plot of the NdDyB&IosClb 2Ti1.8011.46
Temperature (K) sample ¥) and several known superconducting layered cuprates: (
Figure 6. Temperature-dependent magnetic measuremgnts ) Bi21Sn oCa—«YxCu0y (after ref 29); A) YBa,CusOr— (after ref 24);
of select samples (as indicated in illustration) in the L#Ba,_Clby- (O) Nd.-xCeCw04 (after ref 31); ©) La,-xBaCwO4zs (after ref 31).
Tip—yO1145 System, quenched from 103C in air. Dashed lines are fitted Jonker curves from the prior investigations, and

the solid line is the fitted curve from the present investigation.

quenching procedures have in this system. However, no
evidence for diamagnetism (or superconductivity) was observeda concomitant decrease in the observed oxygen coktéis 19
in the slow cooled samples exhibiting metallic-like conductivity. The ability of the structure to self-compensate the acceptor
dopants by oxygen vacancies, rather than holes, apparently
stabilizes these solid solutions. With titanium in the blocking

The primary result of these investigations is that oxidation layer, which has a strong preference to maintain octahedral
of the copper-oxygen planes is possible in these systems, whose coordination, acceptor substitutions on the A site are energeti-
transport properties are remarkably similar to known supercon- cally unstable owing to the inflexibility of the structure to alter
ductors, but is highly dependent on other aspects of the internalits oxygen content and preserve the coordination environments
chemistry, such as the intercalation behavior, defect chemistry, of the constituent A and B cations. Owing to the ability of
and solid solution limits. Solid solutions of cations were B.sjte acceptor dopants, such as copper, cobalt, gallium, etc.,
observed in the present work over several sites in the quadruplerg adopt coordination numbers less than 6, increased solid
perovskite structure: copper for titanium, strontium for barium, so|ybilities are possible without extensive oxidation of the
and simultaneous replacement of lanthanum for barium and copper-oxygen sheets (however, more accurate studies of the

copper for titanium. However, both thermogravimetric 0xygen g ,ctural location of oxygen vacancies are warranted). Simi-

co_nter_1t d"?‘ta a_m_d thgrmopower measgrements |r_1d|cate t_ha'iarly, the ability of lanthanum to substitute on the barium site
oxidation is minimal in the as-synthesized materials. This

behavior is consistent with that presented in other reports is made possible when copper is simultaneously substituted on
. . the titanium sites, leading to a self-compensated doping scheme.
concerning the quadruple perovskit€4618.1° |n contrast, ' 9 P ping

) ; . . This cosubstitution allows the material to remain in its preferred
attempts to substitute alkaline earths for lanthanide cations Wereelectronic state. while demonstrating the ability for substantial
unsuccessful in maintaining single-phase quadruple perovskites, ! g Y

or doping carriers into the system, but led to the formation of aliovalent substitutions on the A site of the quadruple perovskite.
new members of the layered perovskite family, all of which ~ The arguments presented above for the stability of non-
have nominally divalent coppéf. oxidized copper-oxygen planes, under standard synthesis condi-
The ability for solid solutions to exist in this structure is to tions, require us to pursue alternate methods for oxidation of
one degree controlled by the site preference of the substitutedthese compounds. One alternative method to increase carrier
cations but to a greater degree by the ability of the structure to concentrations has been demonstrated in the quadruple perovs-
accommodate the substituted cations and maintain+a 2 kites, as evidenced in the electrical properties and magnetic
oxidation state of copper (or more generally-a@verallcharge  measurements (Figures 5 and 6), through self-compensated
in the CuQ planes). The preference of copper for the divalent cationic substitutions and subsequent reoxidation at low tem-
state in the quadruple perovskites, under the synthesis conditiongeratures. This behavior is similar to that observed in YBCO,
employed here and in previous work, is a major chemical factor \yhere low-temperature oxidation is required to increase the
which leads to the observed stable solid solutions. Thus, oxygen concentration and optimize superconductivity. Several

isovalent or self-compensating solid solutions are most suc- jhortant similarities of the transport properties exist between
cessful and more widely observed, in the quadruple perovskites,.,« ygco system, as well as other superconducting layered

than electronically compensated aliovalent substitutions (which cuprates, and the copper-substituted NdDy system. Figure 7 is

might lead 1o supgrcqnducnwty). . . a comparison of Jonker plots for several known superconductors
Isovalent substitutions of both strontium for barium, as )
o . o . - and the substituted NdDy system of the present study. The
observed in this work, tin for titaniurhpr various lanthanide o AR .
substitution of copper for titanium in the quadruple perovskites

substitutiong~6.13.15-2028 haye extensive solid solution ranges. hifts th it t of the Jonk hich is related
Additionally, marked solubilities exist for aliovalent substitutions shifts the upper intercept of the Jonker curve (which is relate

(ie., SE¢3, Cut2, Cos, A3 Ga'd) on the titanium site, with to the density of statesmobility produc_:f3'_23v?‘) towar_d higher
conductivities (see Figure 4). The similarity of this value for
o -(zz7h)a(r)1tzslf|h-i’r\/}|<érfs'; Eoggpi’%eigﬁefﬁ Rs';oieggfédf{gpggﬁi_“ggégn' T. the substituted NdDy material and known superconductors is
(28) G%’nez"_Romeré’ P.; PalagiM. R.; Rodriguez-Carvajal, Them. strong evidence that control over the internal chemistry of the
Mater. 1994 6, 2118-2122. guadruple perovskites should ultimately lead to superconductiv-

Discussion
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ity. The Bi.1Sn Ca «YxCwOy (BSCCOYF® and YSpCu,-
GaGR0 systems, which have intercepts for the underdoped
materials at low conductivities, display large deviations upon
doping, and superconducting compositions lie in the range In
~ 4—62430 The quadruple perovskites display a similar
excursion for highly substituted systems, as illustrated in Figure
7. This excursion could be due to a highly degenerate
semiconductive state or a metallic transition in the quadruple
perovskite. Low-temperature resistivity measurements indicate
that a metallic transition does occur in the doped quadruple

perovskites, further evidence that the carrier concentrations have

been substantially increased.

Despite the large increase in copper content in the quadruple
perovskites, which could lead to extrinsic, acceptor-doped
behavior, the oxygen pressure dependence of the electrical

J. Am. Chem. Soc., Vol. 119, No. 16, 193763
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properties remains an essential chemical feature. The temper-

ature dependence observed in Figure 5 for the substituted NdDy ,

compound contrasts that of the unsubstituted quadruple per-

ovskites, where no temperature dependence was observed in

the extrinsic region. This implies that oxidation in the
substituted system occurs via a different mechanism than that
observed in the parent compounds. A plausible explanation of
these data is that, rather than filling the vacant oxygen sites
between the coppeioxygen planes as observed in the parent
stoichiometric compounds, the extra oxygen vacancies in the
blocking layer (introduced as a compensation to the copper
substitution) are being filled in the substituted compound. This
oxidation mechanism would leave the doped copmaygen
sheets unperturbed and favor superconductivity. Ultimately,
increased filling of these blocking layer oxygen vacancies would
lead to a temperature-dependent behavior more similar to that
of the parent compound, owing to the decreasing number of

vacant oxygen sites. Thus, the enthalpy is observed to increase ,

as the oxygen sites become filled. A similar Jonker behavior
is observed in the YBCO systethywhere the chain site oxygen

content is known to be dependent on the temperature and oxygen

pressuré? The introduction of copper in the blocking layer of
the present quadruple perovskite imparts behavior reminiscent
to that of the triple perovskite YBCO system. While these
arguments qualitatively explain the observed data, direct
investigations of the structural location of oxygen defects are
necessary to confirm this model, and neutron diffraction
experiments are currently underway.

The absence of reoxidation in the doped LaY materials is
somewhat suprising. We have shown that the fast oxygen

intercalation pathway between the copper planes has been

removed by the structural position of the small yttrium cation.
This is evidenced by the behavior of the electrical properties in
the undoped case. We might expect that the thermodynamic
state of the doped LaY material should be an oxidized copper
oxygen network, as observed in the NdDy case at low
temperatures. However, this is not observed experimentally.
The doped LaY compound has little response to oxygen patrtial
pressure variations. Thus, the A-site chemical architecture is

(29) Hong, B.-S.; Mason, T. O. IRoint Defects and Related Properties
of Ceramics Mason, T. O., Routbort, J. L., Eds.; American Ceramic
Society: Westerville, OH, 1991; pp 29301.

(30) Tomlins, G. W.; Jeon, N.-L.; Mason, T. O.; Groenke, D. A,
Vaughey, J. T.; Poeppelmeier, K. R.Solid State Chem1994 109, 338-
344,

(31) Su, M.-Y.; Elsbernd, C. E.; Mason, T. ®hysica C1989 160,
114-118.

(32) Kishio, K.; Shimoyama, J.-l.; Hasegawa, T.; Kitazawa, K.; Fueki,
K. Jpn. J. Appl. Phys1987 26, 1228-1230.

(33) Shen, L.; Salvador, P. A.; Mason, T. D Phys. Chem. Solid996
57, 1311-1319.

(34) Hong, B.-S.; Mason, T. O. Iisuperconductity and Ceramic
Superconductors jNair, K. M., Balachandran, U., Chiang, Y.-M., Bhalla,
A. S., Eds.; American Ceramic Society: Westerville, OH, 1991; Vol. 18,
pp 95-106.
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Figure 8. Reduced thermopower versus the logarithm of the dopant
concentration for several layered cuprate$ at 650°C, except where
noted. The dopant concentration is defined as the number of aliovalent
substitutional cations per copper plane (see text) and is listed [in
brackets] below for each material: (a) L&CaCuOys [X], unfilled
symbols, T ~ 700 °C, adapted from ref 33 andY:CaSrLCu,Gal
[x/2], filled symbols, T ~ 750 °C, adapted from ref 30; (b)
NdDyBaCu+yTiz—yO1115 [Y/2], unfilled symbols and LaYB&uy+y-
Tiz—yO11+5 [y/2], filled symbols; (¢) Las—Bay 5:xCleOr+s [X/2], unfilled
symbols, adapted from ref 34 and Y&axO;—, [0.25], filled symbols,
adapted from ref 24. At each dopant level, for a given system, different
data points correspond to changes in the oxygen partial pressure.

directly influencing the internal chemistry. Either there is a
kinetic stabilization of the underdoped state in the copper-
substituted LaY compound or there is truly a thermodynamic
difference in the oxidation behavior of these two systems.
Kinetic stabilization would lead to slow equilibration times
and constant drift in the experimental data, but these features
were not observed experimentally. Anneals in air at 7G0
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for several days did not result in an increased carrier concentra-dashed-horizontal line has been included on all plots in Figure
tion (oxidation). What is suprising is that, at 1050, oxygen 8, at a reduced thermopower value 0.2, which is an
vacancies were incorporated into the structure, but at°To0 approximate value above which superconductivity may be
these vacancies cannot be refilled. Both the longer copper expected. In contrast to the behavior observed in Figure 8a,
oxygen bond lengths and the inability of oxygen to reside in the NdDy quadruple perovskites (Figure 8b) and the YBCO
the plane between the copper oxygen planes in the LaY systemand LBCO systems (Figure 8c) have little sensitivity to the
could lead to a thermodynamic stability of the lightly doped dopant level, but strong responses to the oxygen partial pressure.
case. Further experiments are required to understand whetheiThe YBCO system is the only sample which has a reduced
longer bond lengths, dissimilar oxygen vacancy arrangements,thermopower above-0.2 under these annealing conditions.
or kinetic factors stabilize underdoped case in the LaY. Interestingly, the LaY materials behave similarly to the Ca-

Further attention on the long bond lengths in these quadruplegallate with respect to their oxygen pressure dependencies
perovskites is warranted, owing to the previous emphasis on(compressed responses) but have little dependence on the
these values as an explanation for the absence of superconducsubstitution level, unlike the superconducting gallate. Most
tivity in the quadruple perovskites. The current study suggests importantly, the doped quadruple perovskite demonstrates that,
that the long bond lengths act as a barrier to oxidation under with appropriate synthesis and annealing conditions, the carrier
standard synthesis conditions. In air at 1080 all samples concentrations in the CuOplanes can be increased to the
have low carrier concentrations. Oxidation is observed for threshold of superconducting levels. These materials show
materials with the smallest in-plane bond lengths studied, which metallic-like behavior in this underdoped state. The chemical
are still slightly longer than known superconductors, when results described herein demonstrate that a combination of novel
annealed at low temperatures and high oxygen partial pressuressynthesis and/or annealing methods which allow for both
An important distinction must be made between the absence ofincreased substitution levels and carrier concentrations should
superconductivity owing to long bond lengths and the absencelead to superconductivity in this family of materials and is being
of oxidation owing to long bond lengths. While the latter pursued.
necessarily results in the former, oxidation may be achieved
through novel approaches to the synthesis of electronically Conclusions
compensated materials. As for the current study, one plausible
explanation is that the absence of reoxidation of the doped LaY
material results from the longer in-plane bond lengths, as
compared to the oxidized NdDy system. Neutron diffraction
studies which investigate the structural location of the oxygen
vacancies in these doped systems are warranted.

The potential for superconductivity in the quadruple perov-

The chemical solubilities, evolution of lattice parameters, as-
synthesized oxygen contents, in-situ equilibrium electrical
behavior, and low-temperature magnetic behavior of the
NdDyB@—xserUZ—yTi2+yolJ:té and I—a+xYBaZ—xCUZ+yTi2—yOlJ:té
systems have demonstrated that the relationship between the
internal chemistry and inner architecture of the quadruple

skites can be further demonstrated by focusing on the reduCedperovskite family of layered cuprates is directly related to their
macroscopic physical properties. The electronic stability of

thermopower values versus nominal doping compositions. . o
b ping P lightly oxidized CuQ?~ sheets has been shown to be an

Figure 8 compares these values of the LaY and NdDy materials,. . . e .
shgown in Figure 8b. with those of other IayeredycuprateS' important factor which controls the solid solubilities of different

_ } cationic species. The exclusion of interstitial oxygen defects,
iLnaZIEngCua;f %%ign(g ?_;ifé;?:};ig; Sjcéﬁfgg) (gr?dggléa;) an important step toward achieving superconductivity by

CwOr_s (YBCO) in Figure 8c. In all cases, the doping level preserving the structural integrity of the CﬁOpIane:?‘, has been
has been normalized (see caption) to the number of copper |ayer§jemons§rat¢d n the'LaYQ@uz'T i201rbased materials. HO.W'
per formula unit. In addition, the doping level in the quadruple ever, oxidation of this fam|ly_|s observed to b(_e more difficult
perovskite was fixed assuming that the substituted copper is than the related NdDyB&L,Ti201; system. Oxidation of the
trivalent (corresponding to the lower doping limit). Thus, a laitter compognd has been aghleved, another important step
substitution level of 0.2 coppers in the quadruple perovskites toward_ ach|eV|_ng superconductivity, and an underdoped metallic
corresponds to a doping level of 0.1. The data at each dopingb‘m"’wIor reminiscent of known _superconductors_ has been
level contain values from several different oxygen partial observed. While oxygen vacancies play a role in both the
pressures, where the highest oxygen pressure (L atm) alway: ndopeq and doped NdDy materials, the.temperature-dependent
corresponds to the highest reduced thermopower value. Schepom"k’Itlon of these Qefects argues that d|ﬁe_rgnt types of oxygen
matic bands of oxygen pressure response have been includeazlefects are present in the two cases. Post-filling of the structural

in the figure to emphasize different oxidation mechanisms in vacancie_s introduce.d on synthesis,.to compensate the acceptor
layered cuprates dopants, is an effective means of oxidation in the NdDy system.

Both the doped Ca-214 and Ca-gallate systems have limited
responses to the oxygen partial pressure but dramatic responseg
to the substitution of aliovalent cations. The linear relationship S
between the logarithm of the normalized dopant level and the
reduced thermopower illustrates that oxidation occurs as a direct
result of aliovalent substitutions. Furthermore, the overlap of
the data of these two structurally distinct systems indicates that
the underlying transport properties are similar in layered
cuprates. Superconductivity is observed at the normalized
doping level of 0.1 (and above) in these two systems. Thus, a JA963908R
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