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DEDICATED TO PROFESSOR J. M. HONIG
The structure+property relationships of chemically sub-
stituted quadruple- and quintuple-layered cuprate perovskites,
NdDyBa22xSrxCu21yTi22yO112d and NdDyCaBa22xSrxCu21yTi32y

O142d, have been investigated with an emphasis on high-temper-
ature electrical properties. Cu doping for Ti in both systems,
especially the quadruple system, improves their electrical proper-
ties; however, substantial compensation by oxygen vacancies
occurs. On the other hand, isovalent Sr substitution for Ba in
these systems signi5cantly reduces the ionic compensation, i.e.,
the [V ' 'O ] concentration, as evidenced by thermogravimetry and
electrical measurements. Sr substitution not only reduces the
Cu+O bond length in favor of hole formation but also introduces
metallic behavior as evidenced by in situ high-temperature
(800+4003C) electrical conductivity and Seebeck coe7cient
measurements plus low-temperature resistivity measurements.
A master plot of high-temperature Seebeck coe7cient vs hole
content of known superconductors shows that the hole content
necessary for superconductivity has been achieved in some of the
doped quadruple systems, yet they fail to exhibit superconductiv-
ity owing to other structural limitations. ( 2000 Academic Press

INTRODUCTION

Quadruple- and quintuple-layered perovskite cuprates
have structural characteristics similar to those of known
superconductors. All of these materials contain the requisite
copper}oxygen two-dimensional sheets interleaved by insu-
lating perovskite blocks, yet they do not superconduct.
Quadruple perovskites have two, whereas quintuple perov-
skites have three blocking layers, interleaved by two CuO2~

2
sheets (Fig. 1). Previous work on quadruple and quintuple
perovskites has provided a great deal of information about
the e!ects of A and B cation sizes, layering, cation substitu-
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tion, and defect chemistry on the physical properties of these
materials (1}13). These layered cuprate perovskites form
extensive solid solutions with both isovalent and aliovalent
substituents, thereby o!ering the opportunity to investigate
a wide range of compositional and structural variations.
The present investigation of quadruple (NdDyBa

2~x
Sr

x
Cu

2`y
Ti

2~y
O

11~d) and quintuple (NdDyCaBa
2~x

Sr
x
Cu

2`y
Ti

3~y
O

14~d) perovskites was undertaken based
upon promising properties (bond lengths, conductivity, and
thermopower) in prior work (8).

A small spacing between two adjacent CuO2~
2

sheets is
crucial for keeping oxygen interstitials out of the intervening
space (14). The formation of oxygen interstitials destroys the
structural integrity essential to cuprate superconductors
and thus is detrimental to superconductivity (15), although
it increases hole concentration as shown below:

1/2O
2
(g)NO@@

i
#2h'. [1]

Therefore, various combinations of A cations (large}large,
small}small, and large}small) have been examined to
achieve this structural goal (16, 17). It was shown that the
use of a large}small rare earth cation combination (e.g., Nd
and Dy) can achieve the exclusion of oxygen interstitials
between CuO2~

2
sheets in layered cuprates (14). The smaller

rare earth cation prefers to occupy the 8-coordinate (A@@) site
between the adjacent Cu}O planes. This reduces the spac-
ing between Cu}O layers, making oxygen intercalation en-
ergetically unfavorable, and limits the amount of oxygen
incorporation between adjacent copper}oxygen layers.

An important role of the blocking layers in layered cu-
prate perovskites is to impart a proper mismatch strain to
the conducting layers. The bond-mismatch theory of Good-
enough (18, 19) expresses the sensitivity of electronic doping
to the in-plane bond length mismatch between Cu}O and
the blocking layer. Compressive Cu}O bond mismatch sta-
bilizes holes, whereas electrons are stabilized in systems with



FIG. 1. The polyhedron representation of (a) quadruple and (b) quintu-
ple perovskite-layered cuprates. The blocking layers are lighter and the
active layers are darker.

FIG. 2. Schematic summarizing the bond mismatch argument of
Goodenough (18). Holes or electrons are injected into the active layer to
relieve the mismatch stresses in compressive and tensile structures. The
bond-matched systems do not promote creation of carriers (28, 29).
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tensile Cu}O bond mismatch. The a-axis lattice parameter
is a manifestation of the copper}oxygen in-plane bond length
(a+ 2(Cu}O)) and thus is often used as a criterion to deter-
mine the nature of bond mismatch. In compressive materials
the blocking layer bond lengths (M}O) are smaller than the
natural Cu}O in-plane bond length for copper in square
pyramidal coordination, thereby imparting a compressive
strain in the conducting layers. To relieve the strain in the
structure, holes are formed in the active layer (Fig. 2). The
vast majority of known high ¹

#
superconductors exhibit this

behavior and are p-type (20}26). On the other hand, n-type
behavior is observed if the blocking layers (M}O) have
bond lengths greater than the natural Cu}O bond length.
The resulting tensile strain can stabilize electrons (27). The
Cu}O bond lengths for p-type superconductors are about
1.93 A_ or less and for n-type superconductors about 1.97
A_ or larger (27). If the active and blocking layer bond
lengths are similar to each other, there is no driving force for
the formation of either holes or electrons. In such cases,
aliovalent doping results in ionic point defects (vacancies
and interstitials) and few electronic carriers (28, 29).

Quadruple- and quintuple-layered cuprate perovskites
with Ti blocking layers have longer Cu}O bond lengths
than the known p-type superconductors (compressive struc-
tures) but not as long as the known n-type superconductors
(tensile structures) (11, 17, 30). In these layered cuprate per-
ovskites, the Ti}O bond lengths are close to the natural
Cu}O bond length for copper in square pyramidal coord-
ination. Therefore, there is insu$cient compressive or ten-
sile character to favor carrier formation as a strain reliever.
Consequently, these materials have a low carrier concentra-
tion and do not superconduct. In this regard, the quintuple
perovskites are better prospects, owing to their somewhat
shorter Cu}O bond lengths. The present study was under-
taken to enhance the transport properties of these layered
perovskites and to elucidate their unique defect chemistry.

Electronic or ionic compensation occurs upon aliovalent
substitution to satisfy electroneutrality. Electronic compen-
sation is desired for superconductivity since it increases the
carrier concentration. For example, in LaYCaBa

2
Cu

2.2
Ti

1.8
O

14~d (5) substitution of Cu2` for Ti4` can conceiv-
ably produce two holes, such that the neutrality condition is
given by

2[Cu
T*
A]"h'. [2]

Instead, copper doping often results in ionic compensation
by the formation of oxygen vacancies:

[Cu
T*
A]"[V' '

O
]. [3]

It has been suggested that the oxygen vacancies are
located in the extreme apices of the top/bottom blocking
layer octahedra in the quintuple perovskites (14) where
copper preferentially substitutes for titanium (see Fig. 3).
Whereas copper can exist in several coordination environ-
ments, titanium strongly prefers octahedral coordination,
which is preserved if the copper substitutes only into top or
bottom layers, with the associated vacancy between it and
the adjacent Cu}O layer.

Once formed, these vacancies can be subsequently "lled
by oxygen, releasing charge carriers according to

1/2 O
2
(g)#V ' '

0
NOx

O
#2h'. [4]

Prior e!orts to re"ll these vacancies by di!erent methods
have been partially successful (13, 31). This hole generation
mechanism is preferred over that of Eq. [1] since deleterious



FIG. 3. Schematic view of Sr substitution on the Ba site in the quintu-
ple perovskite structure (di!erently sized ions) and the oxygen vacancy
locations. Vacancies are shown as empty squares.
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oxygen interstitials are avoided. Conductivity/thermopower
data (for specimens cooled slowly under 1 atm oxygen from
800 to 4003C) showed that partial re"lling of those oxygen
vacancies is achieved in the NdDyBa

1.5
Sr

0.5
Cu

2.2
Ti

1.8
O

11~d quadruple system (16). This was thought to be related
to the change in oxygen vacancy environments brought
about by the strontium co-substitution (5). The smaller size
of Sr2` relative to that of Ba2` may provide more space
around the oxygen vacancy site, thereby making vacancy
re"lling easier. Figure 3 illustrates the substitution for Ba in
the quadruple perovskite structure.

This work examines the e!ect of [Srx
B!

] co-substitution on
aliovalent doping and oxygen vacancy re"lling in both
quadruple and quintuple perovskites. In addition, the re-
duction of in-plane Cu}O bond length as a result of the
substitution was also investigated. Simultaneous high-tem-
perature, equilibrium electrical conductivity, and ther-
mopower measurements were made to provide information
on both the defect structures and the transport properties of
these materials. X-ray powder di!raction, low-temperature
resistivity, and magnetic susceptibility measurements were
also employed to characterize the samples.

EXPERIMENTAL

Two series of samples were prepared, corresponding to
the stoichiometry NdDyBa

2~x
Sr

x
Cu

2`y
Ti

2~y
O

11~d (quad-
ruple perovskite) and the stoichiometry NdDyCaBa

2~x
Sr

x
Cu

2`y
Ti

3~y
O

14~d (quintuple perovskite). Typically, 4}5 g
of samples was prepared by solid state reaction of
stoichiometric amounts of ¸n

2
O

3
(¸n"Nd, Dy), ACO

3
(A"Ba, Sr, Ca), CuO, and TiO

2,
all of purity above

99.99%, using a Sartorius balance (Brinkmann Instrument,
Westbury, NY) with $0.1-mg accuracy. The reagents were
ground with mortar and pestle and "red in high-density
alumina crucibles at 9503C in air for 1 day to remove
carbonates. Each sample was then ground and pressed at
&2 MPa into pellets 12.5-mm in diameter and 3- to 5-mm
thick. The pellets were then "red at 1030}10503C over the
course of a 5- to 7-day reaction period, with several inter-
mittent regrindings.

The phase purity of the air-quenched polycrystalline sam-
ples was determined by X-ray powder di!raction on
a Rigaku di!ractometer with Ni-"ltered CuKa radiation.
Data were collected from 103 to 803 2h with a step size of
0.053 and a collection time of 2 s at each step. Silicon was
used as an internal standard. Lattice parameters were deter-
mined by pattern matching, Le Bail "tting (32), based on
a tetragonal unit cell (P4/mmm). The "tting was made with
the GSAS program (33).

To determine the oxygen stoichiometry and average cop-
per valence in the samples, hydrogen reduction thermog-
ravimetry was performed (TA Instrument 2950, New Castle,
DE). Oxygen annealing of the samples was performed prior
to TGA analysis, by equilibrating in #owing oxygen at
9003C and then slowly cooling to room temperature
((13C/min). For TGA runs, samples were preheated at
1203C for 2 h to remove any possible moisture. They were
then heated to 9003C at the rate of 53C/min, isothermally
maintained for 10 h and then cooled to room temperature.
The whole process was carried out in a 7% H

2
/N

2
mixture

to achieve the desired reduction.
Simultaneous four-point dc conductivity and Seebeck

coe$cient measurements, at temperatures from 800 to
6503C, were performed using the technique described pre-
viously (34, 35). Rectangular bar-shaped samples
(3]3]9 mm) were cut from sintered pellets and placed
between Au foils, the outer electrodes for electrical measure-
ments, with auxiliary Au wire electrode loops at &1/3 and
&2/3 positions along each bar. A Pt and Pt/Rh ther-
mocouple (type S) was placed in contact with each of the
four contacts along the bar. Samples were equilibrated in
oxygen partial pressures ranging from 10~5 to 1 atm using
oxygen or oxygen}argon premixtures. Measurements were
taken after equilibrium had been achieved (6}10 h). Con-
ductivity/thermopower data were also taken during slow
cooling over the temperature range 800 to 4003C under
#owing pure oxygen at a cooling rate of 203C/h. The mea-
sured conductivites were corrected for the porosity of the
samples (relative density of 70%) (36).

Low-temperature resistivity measurements were made on
select samples, in the range 5}300 K. Measurements were
conducted using a standard four-point probe technique on
bar-shaped, oxygen-annealed specimens. Electrical contacts
were made using silver paint, and measurements were car-
ried out using current densities in the range 0.1}1 mA/cm2.

RESULTS AND DISSCUSION

Solid Solution with Strontium

X-ray di!raction experiments detected no impurity
phases in the NdDyBa

2~x
Sr

x
Cu

2`y
Ti

2~y
O

11~d system for



FIG. 4. The variation of lattice parameters as a function of substitution
level. (a) a lattice parameter and (b) c lattice parameter of NdDyBa

2~x
Sr

x
Cu

2.2
Ti

1.8
O

11~d ("lled symbols) and NdDyCaBa
2~x

Sr
x
Cu

2.2
Ti

2.8
O

14~d
(open symbols). The phase boundary is indicated by the vertical dashed
lines.

TABLE 1
Oxygen Content of Quadruple and Quintuple Samples from

TGA (the Hole Content Was Calculated per One Copper Atom)

Compound
Oxygen
content

Hole
content

Oxygen-
annealed/

air-quenched

Quadruple samples
NdDyBa

2
Cu

2
Ti

2
O

11~d 11.00$0.02 0.00$0.01 Air-quenched
NdDyBa

2
Cu

2.2
Ti

1.8
O

11~d 10.88$0.02 0.06$0.01 Oxygen-annealed
NdDyBa

1.9
Sr

0.1
Cu

2.2
Ti

1.8
O

11~d 10.93$0.02 0.11$0.01 Oxygen-annealed
NdDyBa

1.8
Sr

0.2
Cu

2.2
Ti

1.8
O

11~d 10.91$0.02 0.10$0.01 Oxygen-annealed
NdDyBa

1.7
Sr

0.3
Cu

2.2
Ti

1.8
O

11~d 10.93$0.02 0.12$0.01 Oxygen-annealed
NdDyBa

1.6
Sr

0.4
Cu

2.2
Ti

1.8
O

11~d 10.91$0.02 0.10$0.01 Oxygen-annealed
NdDyBa

1.5
Sr

0.5
Cu

2.2
Ti

1.8
O

11~d 10.93$0.02 0.12$0.01 Oxygen-annealed
NdDyBa

1.5
Sr

0.5
Cu

2.2
Ti

1.8
O

11~d 10.78$0.02 0.00$0.01 Air-quenched

Quintuple samples
NdDyCaBa

1.5
Sr

0.5
Cu

2.2
Ti

2.8
O

14~d 13.83$0.02 0.02$0.01 Air-quenched
NdDyCaBa

1.5
Sr

0.5
Cu

2.2
Ti

2.8
O

14~d 13.81$0.02 0.00$0.01 Oxygen-annealed
NdDyCaBa

1.9
S
0.1

Cu
2.2

Ti
2.8

O
14~d 13.82$0.02 0.02$0.01 Air-quenched
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04x40.6 and 04y40.2 and in the NdDyCaBa
2~x

Sr
x

Cu
2`y

Ti
3~y

O
14~d system for 0.04x40.5 and 0.04y4

0.2. Samples with higher dopant levels yielded multiphase
compounds. Figures 4a and 4b report the a and c lattice
parameters of quadruple and quintuple samples as a func-
tion of Sr substitution level. Both a and c lattice parameters
decrease with Sr substitution, but the shrinkage along the
c axis is more pronounced than that along the a axis for
both quadruple and quintuple systems. In the quadruple
compounds the a-axis shrinkage is steady up to x"0.3 and
then levels out (or even relaxes slightly) thereafter. The
reduction of the c lattice parameter follows a clearer trend;
therefore, it was used to determine the solubility limit,
shown by the dashed line in Figs. 4a and 4b. Although the
general structural trends of the quintuple system in Figs. 4a
and 4b are similar to those of the quadruple system, the
extent of shrinkage in response to Sr substitution is much
smaller for the quintuple system than for the quadruple
counterpart. This could be the result of a much smaller unit
layer volume (cell volume divided by the number of perov-
skite layers, 4 for quadruple or 5 for quintuple) of the
quintuple structure than of the quadruple structure. Conse-
quently, less room will be available for further reduction of
cell volume and for oxygen re"lling with Sr substitution.
Although the a axes for the quintuple systems are shorter
than those for the quadruple materials and are closer to the
in-plane lattice parameter of known cuprate superconduc-
tors, there is apparently insu$cient compressive bond mis-
match, as evidenced by more severe ionic compensation
observed in TGA studies (see below).

Thermogravimetric Results

The oxygen contents of the quadruple and quintuple
perovskites for both as-synthesized (air-quenched) and oxy-
gen-annealed samples are summarized in Table 1. If we
assume that oxygen interstitials are not present in signi"-
cant concentration, the oxygen content should be represen-
tative of the oxidation state of the Cu}O layers. For
example, d"0.2 in NdDyBa

2~x
Sr

x
Cu

2.2
Ti

1.8
O

11~d and
NdDyCaBa

2~x
Sr

x
Cu

2.2
Ti

2.8
O

14~d corresponds to strictly
divalent copper, which is the result of ionic rather than
electronic compensation. The oxygen-annealed sample of
NdDyBa

1.5
Sr

0.5
Cu

2.2
Ti

1.8
O

11~d has higher oxygen con-
tent than the air-quenched sample. This suggests that the
smaller Sr ion does make oxygen vacancy re"lling easier;
however, the analogous quintuple sample shows insensitiv-
ity to oxygen treatment, presumably owing to the more
compact structure. The data in Table 1 show that all the
Sr-substituted quadruple samples have higher oxygen and
hole (p) contents than those without Sr substitution. Hole
concentrations were calculated based on their oxygen con-
tents. These results imply that the Sr substitution e!ectively
introduces hole carriers into the Cu}O conducting planes of
these quadruple perovskites. This is corroborated by the
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improved electrical properties of these samples (see below).
The x"0.5 quadruple perovskite sample with the very
small a and c lattice parameters has a high oxygen content
and a low thermopower value, both indicative of enhanced
hole content.

Electrical Characterization

A useful analysis method combining high-temperature
thermopower and conductivity measurements, "rst present-
ed by Jonker (37), was applied in this study. The technique
consists of plotting thermopower versus the natural logar-
ithm of conductivity, resulting in a characteristic &&pear''
shape (38). It is useful for interpreting electrical properties
(i.e., carrier density, band gap, mobility, and density of
states). The data are "tted with a two-band semiconductor
model (34). The location and size of the pear, the region of
the curve where the data fall, and the spread of the data as
a function of oxygen partial pressure or chemical substitu-
tion provide a great deal of information about the defect
chemistry and transport properties of a given material.

An important feature of the Jonker pear is that the sign of
the thermopower is that of the majority carrier. Carrier
concentration increases clockwise around the pear for holes
and counterclockwise for electrons. There are two main
regions on the pear. The low-conductivity (intrinsic) regime
is where both electrons and holes contribute to the electrical
properties and the thermopower changes rapidly with small
changes in conductivity. The linear (extrinsic) region is on
the high-conductivity side of the diagram, where a single
carrier contributes to the conductivity and thermopower.
The ideal slope of a given leg is !k/e for p-type material
and #k/e for n-type material (k is Boltzmann's constant
and e is the unit of electronic charge). The size of the pear is
determined by the band gap. The intercept of the extrinsic
leg of the plot with the conductivity axis is called p

.!x
and is

related to the product of the density of states (DOS) and
mobility (k). A transition from intrinsic behavior to extrinsic
behavior is observed when the copper}oxygen sheets of the
insulating parent compounds are properly doped. The data
of superconducting compounds fall toward the high-con-
ductivity intercept, often exhibiting a deviation from $k/e
linearity, indicative of a transition from semiconducting to
heavily doped metallic behavior. The thermopower thre-
shold value for superconductivity is &45 lV/K.

Jonker plots of NdDyBa
2~x

Sr
x
Cu

2`y
Ti

2~y
O

11~d (x"0,
0.1, 0.3, 0.5 and y"0, 0.2) and NdDyCaBa

2~x
Sr

x
Cu

2`y
Ti

3~y
O

14~d (x"0, 0.1, 0.5 and y"0.2) are shown in Figs.
5a}5c. A signi"cant shift of the pear along the conductivity
axis is observed as the result of B-site hole doping of the
parent quadruple compound in Fig. 5a, implying that the
density of states near the Fermi level and/or the carrier
mobility is enhanced. The fact that data for the B-site doped
system fall more toward the extrinsic leg of the plot com-
pared to that of the parent compound implies an increased
hole content of the system. Figures 5b and 5c show that the
data points for the quadruple system as well as those for the
quintuple system shift toward the higher conductivity inter-
cept (p

.!x
) by substituting only 5% Sr for Ba. As the Sr level

increases further to 25%, the plots shift in the reverse
direction along the conductivity axis. The thermopower
values do not change signi"cantly upon Sr doping in either
quadruple or quintuple systems.

There are interesting di!erences between the quadruple
and quintuple system behaviors. The doping in quintuple
perovskites seems to be ine!ective, owing to the structural
factors. The data points on Jonker plots of the quintuple
samples fall more toward the intrinsic region of the pear
compared to those on plots of the quadruple specimens, and
they are less distributed along the curve. The narrower
distribution in the Jonker plot of the quintuple perovskites,
i.e., the smaller dependence of carrier concentration on
oxygen partial pressure than in the quadruple systems, is
thought to be due to the inherently compact structure of
quintuple compounds as explained above. Quintuple-per-
ovskite compounds have shorter bond lengths along both
the a and c axes (evidenced by their structural re"nement
data). Their compact structure presumably makes oxygen
re"lling (either in vacant sites of the blocking layer or as
oxygen interstitial defect species between the CuO

2
sheets)

more di$cult and yields this oxygen insensitivity.
An alternative explanation for the di!erence in the extent

of data spread along the Jonker curve can be due to cationic
intermixing among the A sites. A-cation intermixing may
prove to be more severe in the NdDy quadruple systems
than in the quintuple counterparts. The presence of larger
Nd in the smaller Dy sites will expand the space between the
Cu}O planes, making it easier to intercalate oxygen inter-
stitials; hence a wider spread of data along the Jonker curve
as observed in the quadruple system. A neutron di!raction
study is now in progress to estimate the extent of cationic
disorder in these systems.

Figure 6 shows the slow-cooling data of the NdDy quad-
ruple systems. These data were collected from the samples
under ambient pressure of oxygen cooling at 203C/h rate
from 800 to 4003C, and represent the dependence of the
electrical properties on temperature. What is noticeable in
the slow-cooling plot of NdDyBa

2~x
Sr

x
Cu

2.2
Ti

1.8
O

11~d is
the signi"cant drop in thermopower of these samples as they
cool, suggesting that the carrier concentration is increasing
as the temperature decreases (while the DOS}mobility
product remains roughly constant). Among the slow-cool-
ing data, the x"0.5 sample has the lowest thermopower,
right on the borderline of superconductivity (approaching
45 lV/K) (16). This sample displays the highest Cu oxida-
tion state (p"0.12 per copper) and the shortest Cu}O
bond length (&1.94 A_ ) according to TGA (Table 1) and
X-ray di!raction (Fig. 4a), respectively. For both this and



FIG. 5. Jonker pears "tted to the measured data for (a) the undoped quadruple parent compound at 7503C vs the B-site doped sample at 8003C, (b) Sr
co-substituted quadruple perovskites at 7503C, and (c) Sr co-substituted quintuple perovskites at 8003C. Oxygen partial pressures increases clockwise
around the pear at values of 10~5, 10~4, 10~3, 10~2, 10~1, and 1 atm.
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the x"0.1 sample there is a noticeable deviation from
linear behavior near 4003C. The straight lines in Fig. 6 rep-
resent the slope expected for an extrinsic semiconductor,
and deviation toward higher conductivity values is consis-
tent with a semiconductor-to-metal transition (11). The
same deviation is observed in the Jonker plots of known
high ¹

#
layered cuprate superconductors. The two com-

pounds that show the most deviation from semiconducting
behavior in Fig. 6 (x"0.1 and 0.5) also exhibit a metal}
insulator transition in their low-temperature resistivity
plots (Fig. 7).

A master plot of the high-temperature Seebeck coe$-
cients (Q) of various known layered cuprate superconduc-
tors vs their hole concentration provides a useful means to
evaluate the potential of new materials for superconductiv-
ity (Fig. 8a). The hole concentrations were calculated based
on the oxygen content data in the literature (39}44). The
Seebeck coe$cients were measured under #owing oxygen at
&7003C (45}50). A dashed line in Fig. 8a separates the data
for nonsuperconducting (low hole content) and supercon-
ducting (high hole content) materials. Some data for quad-
ruple perovskites from the present study fall to the right of
the boundary in the superconducting regime (such as the
NdDyBa

1.5
Sr

0.5
Cu

2.2
Ti

1.8
O

11~d material) as shown in
Fig. 8b. This indicates that carrier concentrations necessary
for superconductivity have been achieved in these materials;
nevertheless, they are not superconducting, as evidenced by
low-temperature magnetic susceptibility and resistivity
measurements.

There are several plausible reasons that the quadruple
perovskites remain nonsuperconducting despite good high-
temperature thermopower and conductivity results indica-
tive of suitable doping (see Fig. 8b). First, it is conceivable
that some mechanism of carrier trapping reduces the free
hole content at lower temperatures. Attempts to measure
carrier content on the most highly doped specimen by the



FIG. 6. Simultaneous thermopower}conductivity measurements on
NdDyBa

2~x
Sr

x
Cu

2.2
Ti

1.8
O

11~d quadruple systems, slow-cooled at a
203C/h rate from +800 to 4003C in #owing oxygen.
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Hall e!ect at room temperature and below were inconclus-
ive. Based on the specimen geometry and magnetic "eld
employed (7400 G), we were able to estimate a lower limit
for carrier content in these materials on the order of
1021/cm3. This value is comparable to that of known super-
conductors and supports our contention that the carrier
concentration of these materials has reached the level
necessary for superconductivity. Another possibility is that
oxygen interstitials are introduced, between Cu}O layers,
owing to some measure of cation intermixing between the A@
and A@@ sites, which disrupts the structural integrity essential
for superconductivity. Finally, the thickness and the nature
of the blocking layer can a!ect the superconducting behav-
ior of the layered cuprate perovskites. A thick blocking layer
may prevent the necessary coupling between Cu}O layers,
FIG. 7. The low-temperature resistivity plots for NdDyBa
2~x

Sr
x

Cu
2.2

Ti
1.8

O
11~d (x"0.1 and 0.5).

FIG. 8. Master plot of Seebeck coe$cient}hole concentration for
known superconductors. (a) Symbols correspond to cuprate materials of
various doping levels (temperature &7003C): circles for La

2~x
Sr

x
CuO

4~d,
triangles for La

2~x
Ba

x
CuO

4~d, squares for Bi
2.1

Sr
1.9

(Ca
1~x

Y
x
)Cu

2
O

8`d,
and diamonds for YBa

2
Cu

4
O

8
. Specimens on the left-hand side of the

dashed line do not superconduct whereas the ones on the right do. (b) Some
data from the present study. Symbols used to show the compounds are
# for NdDyBa

2~x
Sr

x
Cu

2.2
Ti

1.8
O

11~d (the data for x"0.5 and 0.6 fall in
the superconducting region) and ] for NdDyCaBa

1.9
Sr

0.1
Cu

2.2
Ti

2.8
O

14~d.
thereby prohibiting superconductivity. The known layered
cuprate superconductor with the largest blocking layer is
Pb

2
Sr

2
YCu

3
O

8
(c axis"15.730 A_ ) (51), which is compara-

ble to the blocking layer of the quadruple perovskites in the
present study (e.g., NdDyBa

1.5
Sr

0.5
Cu

2.2
Ti

1.8
O

11~d,
c axis"15.649 A_ ). This comparison suggests that not only
the thickness but also the nature of the blocking layer plays
an important role in superconducting behavior of these
materials. The plumbate blocking layer in Pb

2
Sr

2
YCu

3
O

8
has a strong metallic nature and may facilitate coupling



FIG. 9. Jonker pear "tted to the measured data for the NdDyBa
1.5

Sr
0.5

Cu
2.2

Ti
1.8

O
11~d quadruple sample at di!erent temperatures. Oxygen

partial pressure increases clockwise around the pear at values of 10~5,
10~4, 10~3, 10~2, 10~1, and 1 atm. Symbols correspond to di!erent
temperatures: circles for 6503C, triangles for 7003C, squares for 7503C, and
diamonds for 8003C.
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between Cu}O layers, thereby improving the electronic
behavior of the system. However, in NdDyBa

1.5
Sr

0.5
Cu

2.2
Ti

1.8
O

11~d the rather insulating nature of the titanate
blocking layer, along with its large thickness, may prevent
coupling and inhibit superconductivity.

One interesting observation is the apparent absence of
band gap variation with temperature for the quadruple
perovskites, as observed in Fig. 9. Notice that the data for
all four temperatures lie on a single Jonker pear. This is in
sharp contrast to all known layered cuprate superconduc-
tors (38), where the size of the pear (and band gap) decreases
with increasing temperature. This may suggest a funda-
mental di!erence between the electronic structures of the
quadruple perovskites in the present study and the super-
conducting perovskites.

As discussed previously, the p
.!x

in Jonker plots increases
with Sr doping up to x"0.1 and then decreases (see Figs.
5b and 5c). The same trend of p

.!x
is observed in slow-

cooling plots; the p
.!x

intercept moves toward higher con-
ductivity up to x"0.1 and then decreases with further Sr
substitution (x"0.5). Since the p

.!x
intercept in Jonker

plots is related to the DOS}k product, the variations in
p
.!x

imply a change in carrier mobility, density of states, or
both. Hall measurements under a higher magnetic "eld or
alternatively on thin "lms should be able to resolve this
issue.

CONCLUSION

There is a complex interplay between the electrical prop-
erties of quadruple- and quintuple-layered cuprates and
their defect chemistry, solid solution behavior, and oxygen
intercalation. Extensive substitutions are possible, i.e.,
04x40.6 and 04y40.2 in the NdDyBa

2~x
Sr

x
Cu

2`y
Ti

2~y
O

11~d system and 0.04x40.5 and 0.04
y 40.2 in the NdDyCaBa

2~9
Sr

9
Cu

2`y
Ti

3~y
O

14~d system.
Thermogravimetry results show that, for the quadruple
samples of NdDyBa

2~x
Sr

x
Cu

2.2
Ti

1.8
O

11~d, Sr substitution
for Ba allows re"lling of oxygen vacancies introduced dur-
ing ionic compensation of the aliovalent dopant, [Cu

T*
A]. Sr

occupation in Ba sites presumably provides more space
around the oxygen vacancies so that re"lling those va-
cancies becomes energetically favorable. Oxygen contents
as high as 10.92}10.93 and thermopower values as low as
45 lV/K were obtained for the x"0.1}0.5 compounds,
corresponding to partial electronic compensation (p&0.1
per copper).

Slow-cooling Q}ln p data for quadruple NdDyBa
2~x

Sr
x

Cu
2.2

Ti
1.8

O
11~d materials (x"0.1, 0.5) show an improve-

ment in electrical properties with Sr substituted for Ba.
Furthermore, these data show a deviation from two-band
semiconductor behavior with decreasing temperature. This
is consistent with the semiconductor-to-metallic transition
that has been con"rmed by low-temperature resistivity
measurements. The p

.!9
intercept increases up to x"0.1;

thereafter, it decreases.
The Sr-substituted NdDy quadruple system has shown

the most suitable structural aspects for doping so that
vacant oxygen sites in the blocking layer (introduced as
a compensation during copper substitution) can be "lled
more e!ectively than those in other quadruple or quintuple
compounds studied. On a master plot of thermopower vs
hole concentration of known cuprate compounds, selected
NdDy quadruple specimens fall in the superconducting
region, implying that they have the necessary carrier con-
centration for superconductivity. Their failure to supercon-
duct suggests that other structural factors, e.g., cationic
disordering between A@ and A@@ sites (permitting oxygen
interstitials between Cu}O layers), an overly large blocking
layer thickness, and/or an insulating rather than metallic
blocking layer (preventing coupling between Cu}O layers)
prohibits superconductivity.
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