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High temperature electrical conductivity and Seebeck coeffi-
cient measurements were performed on the quadruple perov-
skites La,Ba,Cu,Sn,0y,, Eu,Ba,Cu,Ti,0,;, and La,Ba,Cu,Ti,Oy;.
A transition from n- to p-type semiconductivity is observed for
La,Ba,Cu,Sn,0;, as a function of oxygen partial pressure. How-
ever, both electrons and holes contribute to the electrical proper-
ties over the entire range of experimental conditions. Both
Eu,Ba,Cu,Ti,0; and La,Ba,Cu,Ti,0,, display p-type extrinsic
semiconductivity at high oxygen partial pressures and low tem-
peratures. A transition to lightly doped p-type, intrinsic semicon-
ductivity occurs at low oxygen partial pressures and high temper-
atures. Combined conductivity and thermopower (Jonker)
analysis was employed to elucidate the defect structure and the
conduction parameters in these compounds. The similarity of
these materials to high-T, cuprates is discussed. © 1995 Academic

Press, Inc.

INTRODUCTION

It is widely recognized that high-T, copper oxides con-
sist of CuO, sheets interleaved between metal oxide layers
which serve both as insulating separators and as charge
reservoirs. However, several compounds containing cop-
per—oxygen planes exist, including the quadruple perov-
skites (1-4), in which superconductivity has yet to be
observed. This study was undertaken in an effort to estab-
lish whether a fundamental difference between the
quadruple perovskites and other superconducting layered
cuprates exists.

It is well established that defects, equilibrated at ele-
vated temperatures, govern the electronic properties of
layered cuprates. For instance, the carrier content on the
CuQ, planes is determined by oxygen defects and/or by
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aliovalent dopants. High temperature electrical measure-
ments have been used to study both the defect structure
and the normal state electrical properties of layered cu-
prates (5,6). Plots of the thermopower versus the loga-
rithm of the conductivity, first developed by Jonker (7),
have been used to analyze the conduction parameters in
these materials (6). All of the high-T cuprates investigated
displayed similar conduction parameters, and the super-
conducting compositions fell within a similar region on
the Jonker curve (6). Figure 1 shows schematic Jonker
curves representing Bi, ,Sr, Ca,Y, ,Cu,0; (Fig. 1A)
YBa,Cu,0,_; (Fig. 1B), La,_,Ba,CuO, (Fig. 1C), and
Nd,_,Ce CuO, (Fig. 1D). Although portions of each curve
are traced out as a function of doping, in each case, data
for superconducting compositions lie near the high con-
ductivity intercept (6, 8). Similar results have been
obtained for other known superconductors such as
YBa,Cu,0;4 (9) and Y,_,Ca, Sr,Cu,Ga0, (10), which sug-
gests Jonker analysis is a powerful means for assessing
the potential of other layered cuprates as superconduct-
ing materials.

The structure of the oxygen-deficient perovskite La,
Ba,Cu,Sn,0,, (1), illustrated in Figure 2, can be described
by a tetragonal subcell of dimensions la, X la, X 4a,
(a,, cubic perovskite cell dimension). Oxygen vacancy
order results in a double copper—oxygen layer with square
pyramidal coordination of the copper interleaved by a
double tin-oxygen layer with octahedral coordination of
the tin atoms. Although this material possesses the requi-
site CuO, layers, no evidence of superconductivity has
been reported and attempts to dope this compound re-
sulted in multiphase products (1). The lack of supercon-
ductivity in this material was attributed partly to the long
in-plane copper-oxygen bond lengths, 2.00 A, which are
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FIG. 1. Schematic representation of Jonker Data for Bi, Sr;4Ca,

Y,-,Cu,O4 (A), YBa,Cu;04_, (B), La,_ Ba, CuO, (C), and Nd,_ ,Ce,CuO,
(D) from Refs. (5, 12).

~0.05 A longer than those of high-T, cuprates (1). Partial
or complete replacement of tin by titanium can be
achieved while maintaining the layered structure, if lan-
thanum is replaced by a smaller rare earth ion, i.e., Ln,
Ba,Cu,Sn,_,Ti,O,, (2-4). Compounds adopting this struc-
ture include Nd,Ba,Cu,SnTiO,; (2), Sm,Ba,Cu,Sn;
Ti, s0,; (2), Gd,Ba,Cu,Ti,0,; (3), and Eu,Ba,Cu,Ti,0,
(4). The decrease in the size of the lanthanide and the
replacement of tin by titanium results in a unit cell contrac-
tion, a reduction in the mismatch between the double
Sn/Ti and Cu layers, and a decrease in the in-plane Cu-O
bond length (2—4). The in-plane bond length of ~1.95 A
in Gd,Ba,Cu,Ti,0,, (3) is similar to that of known super-
conductors, yet superconductivity has not been reported
for the titanium-based quadruple perovskites. The stabil-
ity of the layered structure in quadruple perovskites is
reported to be extremely dependent on the size difference
between the A and B cations (2-4). However, the struc-
ture of phases which do not meet the cationic size require-
ments for the layered structure have not been extensively
reported. The instability of this structure may have im-
portant ramifications on the superconducting behavior of
these compounds (i.e., the ability to introduce carriers
by chemical doping).

This study focuses on the investigation of the conduc-
tion mechanisms and defect structures of quadruple per-
ovskites. We report the structure of La,Ba,Cu,Ti,O,,
as determined by powder X-ray diffraction, a compound
which is related to the layered quadruple perovskites by
stoichiometry, but does not adopt an ordered layered
structure. High-temperature electrical conductivity and
thermopower measurements were conducted on La,Ba,
Cu,Sn,0,,, Eu,Ba,Cu,Ti,O,;, and La,Ba,Cu,Ti,0,.
Jonker analysis was used to make comparisons between
these materials and other layered cuprate systems. An
understanding of these nominally undoped systems is es-

sential if superconductivity is to be realized in the quadru-
ple perovskites.

EXPERIMENTAL

Samples were prepared by the solid state reaction of
stoichiometric amounts of barium carbonate (Aldrich,
99.999%), copper (11) oxide (Aldrich, 99.99+%), tin (IV)
oxide (Aldrich, 99.995+ %), titanium (IV) oxide (Aldrich,
99.99%), lanthanum oxide (Aldrich, 99.999%), and euro-
pium oxide (Aldrich, 99.99%). The reagents were ground
and fired in high-density alumina boats at 950°C in air for
1 day. Each sample was air quenched, ground, and
pressed into two peliets; one was less than 1 mm thick
and the other was several millimeters thick. The pellets
were then fired at 1010°C in air. The thin pellet was em-
ployed as a barrier to prevent diffusion of aluminum into
the sample, while the large pellet was quenched, ground
and fired several times during the course of a 7-day reac-
tion period.

A Rigaku diffractometer with nickel filtered CuKa radi-
ation was employed to collect diffraction data on the
quenched polycrystalline samples. Phase purity of the

FIG. 2. Polyhedral representation of the idealized layered quadruple
perovskite structure. The square pyramids are CuQjs, the octahedra are
(Sn/Ti)Og, the large spheres are barium sites, and the small spheres are
the lanthanide sites.
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samples was ensured by collecting data with a 26 scan
from 15° to 90° with a step of 0.02° and a collection time
of 10 s at each step. Rietveld (11) analysis was used to
determine the lattice parameters of the layered com-
pounds and to refine the structure of La,Ba,Cu,Ti,0;.

Hydrogen reduction thermogravimetry was performed
using Dupont Instruments 951 and TA Instruments SDT
2960 thermogravimetric analyzers. Eu,Ba,Cu,Ti,0,, and
La,Ba,Cu,Ti,0,, were heated to 900°C in an 8.5%
H,/91.5 % He atmosphere until an equilibrium weight was
established, to reduce the compounds to known compo-
nents which were identified by an X-ray diffraction trace.

Simultaneous four-point conductivity and thermoelec-
tric coefficient measurements were made using the experi-
mental apparatus described previously (12). The sintered
pellets were sectioned into 2 X 2 X 8 mm conductivity
bars and current contacts were established by pressing
gold foil against the ends of the specimens. Voltage con-
tacts consisted of gold wire looped around the bar and
tied in place at notches along its length. One S-type ther-
mocouple was in contact with each of the four leads,
such that six thermocouple combinations could be used
to register the steady state emfs and the corresponding
temperature differences for thermoelectric coefficient
measurements. A 15-30°C temperature gradient was
maintained across the length of the specimen by placing
it just off the hot zone in a controlled atmosphere furnace.
A current reversal technique was employed to subtract
out the thermal emf contributions. Flowing premixtures
of oxygen and argon were used to vary the oxygen partial
pressure above the sample, from 1073 to 1 atm of oxygen,
while the total pressure was maintained at 1 atm. Measure-
ments were taken only after steady state had been
achieved; typical equilibration times were 5~7 hr per
datum.

RESULTS AND ANALYSIS

A. X-Ray Diffraction and Thermogravimetric Results.

Powder X-ray diffraction indicated that both La,Ba,
Cu,Sn,0;; and Eu,Ba,Cu,Ti,0,, adopt the la, X la, X
4a, layered quadruple perovskite structure, which is con-
sistent with the literature (1, 4). However, La,Ba,
Cu,Ti,0, did not adopt the layered quadruple perovskite
structure. Table 1 compares the indexed powder diffrac-
tion pattern of La,Ba,Cu,Ti,O,, with that of Eu,Ba,
Cu,Ti,04,. The diffraction data for La,Ba,Cu,Ti,O;, can
be indexed on a simple cubic perovskite cell, a =
3.9399(3) A and was refined in space group Pm3m. Lan-
thanum and barium were modeled as being distributed
statistically over the A-site (site 1b) in the perovskite cell,
while copper and titanium were distributed statistically
over the B-site (site la). The oxygen content was fixed to
the stoichiometric amount, as was confirmed by thermo-

TABLE 1
Powder X-Ray Diffraction Data of Eu,Ba,Cu,Ti,0,,
and La,Ba,Cu,Ti,0y;

Eu,B2,Cu,Ti,0,,* La,Ba,Cu,Ti,0,*

hk dnbs dcalc Iobs hkl dobs dcalc Iobs
00 2 7.89 7.87 1
00 3 525 5.25 <1
00 4 3935 3936 8 100 3943 3940 15
10 0 3.891 3.89 17
10 3 3125 3125 2
10 4 2767 2767 100 110 278 2786 100
It 0 2751 2751 46
10 5 2447 2447 8
11 3 2437 2436 1
11 4 2254 2255 24 111 2275 2275 18
10 6 2175 2175 2
00 8 1968 1.968 10 200 1969 1.970 29
20 0 1945 1945 32
10 8 1756 1.756 3 210 1762 1762 7
20 4 1744 1744 4
21 0 1741 1.740 4
11 8 1600 1.600 15 211 1.608  1.608 36
21 4 1.9 1.591 35
21 5 1.523  1.523 3
11 9 1476 1476 2
20 7 1472 1471 2
20 8 1.383 1.383 10 220 1393 1393 15
22 0 1375 1375 8
1011 1.343  1.343 3
21 8 1302 1.303 2 221 1.313 1.313 4
300
22 4 1297 1.298 2
1012 1.243 1.243 3 310 1.246 1.246 14
12 9 1234 1234 1
30 4 1.231 1.232 7
31 0 1.229 1.230 7
2010 1.225 1.224 1
30 5 1199 1.199 1

¢ EwyBa,Cu,Ti,Oy; was indexed on a la, X la, X 4a, tetragonal cell
with ¢ = 3.8905 (3) A and ¢ = 15.744 (2) A.

¢ La,Ba,Cu,Ti,0;; was indexed on a la, X la, X la, cubic cell with
a = 3.9399 (3) A (ay, is the lattice parameter for an ABO; perovskite).

gravimetric results, and distributed statistically (site 3d)
in the final refinement. Good agreement was reached be-
tween the observed and calculated intensities with this
simple model (R, = 5.68, R, = 7.54), despite the expecta-
tion of an ordered layered quadruple perovskite structure.
As discussed by Gormezano and Weller (2), the cationic
size differences in the lanthanum titanate are too large to
stabilize a layered structure. Instead, the average struc-
ture can be described by a simple oxygen-deficient perov-
skite, where the different cations no longer adopt an
ordered arrangement, but are distributed randomly
(lanthanum and barium on the A-site, and copper and
titanium on the B-site). The most significant feature of
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this model is that the oxygen vacancies are distributed
randomly throughout the oxygen sublattice, which forces
both copper and titanium to adopt coordination numbers
less than 6. However, the peaks for this compound are
quite broad, which may indicate that the local structure
is not described completely by the random perovskite
model. Although this compound does not adopt a layered
structure, we will refer to it as a random quadruple perov-
skite, with reference to the average structure and stoichi-
ometry.

Thermogravimetric results indicate that the oxygen
contents are stoichiometric, within experimental uncer-
tainties, for all three compounds. The oxygen contents,
as determined from an average of three reductions were
11.1 £0.1and 11.0 = 0.1 for Eu,Ba,Cu,Ti,0,, and La,Ba,
Cu,Ti,0,,, respectively. The reduction reaction for the
thermogravimetric analysis of the titanates is

anBazcuZTizonts + (2 + 8) H2 - [1]
Ln,0, + 2 BaTiO, + 2 Cu + 2 + 8) H,0,

where Ln = La or Eu. The reaction products were identi-
fied using powder XRD. The oxygen content of the lay-
ered stannate has been reported previously, along with
the corresponding reduction reaction, and is 10.98 = 0.05
(1). The statistical error in the measurements is too large to
correlate with the electrical measurements, as discussed
below, but confirms that structurally 5 of the oxygen
sites (of a normal perovskite) are vacant in all three
compounds, including the random quadruple perovskite
La,Ba,Cu,Ti,0y,.

B. Jonker Analysis and Conduction Mechanisms

Combined conductivity and thermopower analysis, first
presented by Jonker (7), is briefly reviewed in order to
analyze the electrical properties of the quadruple perov-
skites. Extensive mathematical treatment of Jonker plots
is given elsewhere (6, 7), and only the salient features
of the curves will be discussed below. In addition, the
discussion will be limited to the symmetric case, i.e.,
conduction parameters (density of states, mobility, trans-
port coefficient) for electrons and electron holes are iden-
tical. Jonker assumed a two-band, nondegenerate semi-
conductor model in order to derive a mathematical
expression relating the thermopower to the natural loga-
rithm of the conductivity. Three regions are apparent on
the resulting curves, whose ‘‘pear’ shapes have been
demonstrated in Fig. 1. The first region corresponds to
the intrinsic, undoped » to p transition and is associated
with the region around the conductivity minimum, where
the low conductivity intercept denotes the intrinsic con-
ductivity. In this region, both electrons and holes contrib-
ute to the conductivity and thermopower. The other two

regions correspond to extrinsic behavior, either n- or p-
type, in which only a single carrier contributes to the
conductivity and thermopower. These are denoted by lin-
ear regions on a Jonker pear with a slope of —k/e for the
acceptor-doped p-type ‘‘leg,”” and +k/e for the donor-
doped n-type “‘leg” (k is Boltzsman’s constant and e is
the unit of electronic charge).

The size and shape of the Jonker pear depends only on
the intrinsic material parameters and can be expressed
by the equation

In Qo /o) = (Eq/2kT + A) 2]

where g is the intrinsic conductivity, Eg is the band gap,
k is Boltzman’s constant, T is the temperature, and A is
the transport coefficient (7). The transport coefficient can
range from 0 to 4 depending on the primary scattering
mechanism (13). Phonon scattering and small polaron con-
duction have been theorized to play important roles in
layered cuprates at elevated temperatures (8-10, 14),
where the values of A are 0 and 2, respectively. The
usefulness of Jonker’s approach is that data spanning only
a portion of the pear is often sufficient to determine the
transport parameters of a material (7).

The high conductivity intercept, o, can be related
to the transport parameters as follows:

Opmax = Nueet. [3]

The temperature dependence of this value can provide
additional information about the mobility of the carriers.
For a two-band conductor, the temperature dependence
of the density of states, N, and mobility, u, are such that
they approximately cancel in the term on the right-hand
side of Eq. [3]. This results in a temperature-independent
high conductivity intercept (7). Because of their activated
mobility, small polarons exhibit a temperature-dependent
high conductivity intercept (7) unless the hopping energy
is on the order of A7 (9), in which case a temperature-
independent intercept results. Thus, small polaron con-
duction can be distinguished only if the high conductivity
intercept is temperature dependent.

Jonker plots for La,Ba,Cu,Sn,0Oy;, Eu,Ba,Cu,Ti, 0,
and La,Ba,Cu,Ti,0,, are shown in Figs. 3-5, respectively.
La,Ba,Cu,Sn,0,, exhibits n-type behavior, i.e., negative
thermopower values, at low oxygen partial pressures and
transitions to p-type behavior as the oxygen partial pres-
sure is increased. The value of the oxygen partial pressure
at the point of zero thermopower increases from log
pO, =—2.5 at 650°C, to log pO, =—1.5 at 800°C. Intrinsic
behavior is observed over the entire range of experimental
conditions, indicating that both electrons and electron
holes are contributing to the thermopower and conductiv-
ity in La,;Ba,Cu,Sn,0,,. Figures 4 and 5 prove that this
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FIG. 3. Jonker analysis of thermopower and conductivity data for
La;Ba,Cu,Sn,0,, at four temperatures. Data at each temperature corre-
spond to oxygen partial pressures of 107°, 1074, 1073, 1072, 107!, and
10° atm, in a counterclockwise fashion.

is not the case for Eu,Ba,Cu,Ti,0;, and La,Ba,Cu,Ti,0;.
At high oxygen partial pressures, the titanate systems
exhibit extrinsic, p-type conductivity. As the oxygen par-
tial pressure is lowered, the data moves up the p-type
extrinsic leg of the pear. At high temperatures and low
oxygen partial pressures, both systems transition from
extrinsic behavior to lightly doped p-type behavior. La,
Ba,Cu,Ti,O,; exhibits extrinsic behavior over a larger
range of oxygen partial pressures, however, and displays
only a slight deviation from extrinsic behavior at the low-
est oxygen partial pressures.

Each set of data in Figs. 3-5 was fitted with a calculated
Jonker curve. Both the intrinsic conductivity, o;, and the
maximum conductivity, o,,,, were obtained from the fit-
ted Jonker curves. The gap energy can be calculated using
Eq. [2] and the values found from the fitted Jonker curves
if we assume a value for the transport constant, A. Table
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FIG. 4. Jonker analysis of thermopower and conductivity data for
Eu,Ba,Cu,Ti,Oy; at four temperatures. Data at each temperature corre-
spond to oxygen partial pressures of 1075, 1074, 1073, 1072, 10!, and
10° atm, in a counterclockwise fashion.
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FIG. 5. Jonker analysis of thermopower and conductivity data for
La,Ba,Cu,Ti,0y; at four temperatures. Data at each temperature corre-
spond to oxygen partial pressures of 10~°, 1074, 1073, 1072, 107, and
10° atm, in a counterclockwise fashion.

2 lists the values of Eg, for the phonon scattering (A =
0) and small polaron (A = 2) cases, as well as In o; and
In o, . The gap energies for the tin system, ranging from
0.15 to 0.28 for band conduction and 0.53 to 0.60 for small
polaron conduction, are similar to those values reported
for La;Ba;CucOy, 5., (LBC-336) (6). The gap energies in
the titanates are larger than those for La,Ba,Cu,Sn,0,
and LBC-336, but slightly smaller than have been reported
for YBa,Cu;04,, (YBC-123),(6). The similarities among
LBC-336, YBC-123, and thé quadruple perovskites are
striking and will be discussed in more detail below.

The values in Table 2 demonstrate that In o, is temper-
ature independent for all three materials, indicating itiner-
ant carriers or small polarons with activation energies on

TABLE 2
Fit Parameters and Intrinsic Gap Energies from Jonker Analysis
E, (eV)
T (K) In o; In oy Band Small polaron
La,Ba,Cu,Sn,0;
923 0.25 3.3 0.28 0.60
978 0.60 33 0.23 0.57
1038 0.950 3.3 0.20 0.55
1093 1.20 3.3 0.15 0.53
EU2832CUZSI’120”
923 —0.60 33 0.41 0.73
973 -0.30 3.3 0.38 0.72
1023 0.00 3.3 0.35 0.70
1073 0.30 33 0.31 0.68
LazBazcllzTizO] 1
923 -0.90 2.8 0.38 0.70
973 ~0.70 2.8 0.37 0.70
1023 -0.50 2.8 0.35 0.70
1073 —0.30 2.8 0.33 0.70
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FIG. 6. Reduced thermopower and conductivity versus inverse tem-
perature for La,Ba,Cu,Ti,O;, at an oxygen partial pressure of 10! atm.

the order of kT or less. Additional evidence of a tempera-
ture-independent mobility in these materials is given in
Fig. 6, which is a plot of reduced thermopower and the
logarithm of conductivity versus inverse temperature for
La,Ba,Cu,Ti,0,, at an oxygen pressure of 0.1 atm. The
reduced thermopower, Q,, and the logarithm of the con-
ductivity, o, for an extrinsic p-type semiconductor are
given by

0, = —eQ2.303k = logp — log N + A/2.303  [4]

and

logo =logp + log ex [5]

respectively, where p is the hole concentration. The slope
of the reduced thermopower is nearly zero as a function
of inverse temperature, indicating that the concentration
of holes is nearly constant over this temperature range.
The observation that the logarithm of conductivity is also
temperature independent indicates that the mobility is
nonactivated over the same temperature range. Similar
behavior is observed for Eu,Ba,Cu,Ti,0;, in the extrinsic
p-type regime. This behavior is illustrated in Figs. 4 and
5, at high oxygen partial pressures, where the data for
all four temperatures become coincidental. This analysis
does not preclude the existence of small polarons, but
sets an upper limit for the activation energy, E, = kT,
as was concluded in La,_,Ba,CuO, (8) and YBa,Cu,0x.,
(8, 14).

C. Defect Structure Analysis

The following discussion assumes that the stoichiomet-
ric composition is the reference composition, i.e., the
intrinsic composition, for all three compounds. Plots of
the logarithm of conductivity versus the logarithm of oxy-

gen partial pressure are shown in Figs. 7a and 7b for the
titanate systems at 650 and 800°C, respectively. A line of
slope +% fits the data for both systems at 650°C, indicative
of a p-type material. A slight deviation from the +3 slope
occurs for Eu,Ba,Cu,Ti,0,; at the lowest oxygen partial
pressure, to a region of lower slope. This deviation is
more pronounced in the data collected at 800°C and can
be understood as a transition from an extrinsic semicon-
ductor to a lightly doped intrinsic semiconductor, as was
seen in Fig. 4. The data for L.a,Ba,Cu,Ti,0,, exhibits a
+3 slope over the entire range of experimental conditions,
which is consistent with extrinsic behavior being predomi-
nant for this material, as was seen in Fig. 5.

The extrinsic behavior of these materials is similar to
that reported for La,CuQ,, ; (5, 15). In this related cuprate,
electrical properties which are proportional to the +3
power of the oxygen partial pressure have been attributed
to the presence of oxygen interstitials according to

30,(g) © Of + 21, K,p0}"? = [O]1p?. (6]

The electroneutrality condition in this regime is given by

p =2[0f], (71
which, when Egs. [6] and [7] are solved simultaneously
for the hole concentration, results in the observed +3
slope dependence. This indicates that both La,Ba,
Cu,Ti,0,, and Eu,Ba,Cu,Ti,0,, are oxygen excess materi-
als at low temperatures and high oxygen partial pressures.
In addition, the temperature-independent behavior of the
thermopower in the extrinsic region, seen in Fig. 6, argues
that the oxygen interstitial population is not a strong func-
tion of temperature, but is fixed by the oxygen partial
pressure, as in La,Cu0,., (15). The main difference be-
tween the titanates and La,CuQ,, ; is that the copper titan-
ates exhibit a transition into an intrinsic region not seen
in La,CuQ,, ;. The plateau observed in the conductivity
at low oxygen partial pressures for Eu,Ba,Cu,Ti,0,, indi-
cates that interstitial oxygen ions are no longer a majority
species. The defect structure in this regime can be mod-
eled with an intrinsic electronic defect mechanism,

nullee +h7, K, =np, [8]
and an anionic Frenkel pair reaction,
05« Vo + 0/, K;=[Vg]Of], (9]

where K; and K; are the equilibrium constants for the
intrinsic reaction and the Frenkel reaction, respectively.
If K; > K;, then the electroneutrality condition will be
given by,
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n=p, (10]
and the conductivity will be independent of the oxygen
partial pressure. However, if K; < K;, then the electroneu-
trality condition will be given by

[Of1 = [Vl [11]
and, when substituted into Eq. [6], the hole concentration
is found to have a +} power dependence on oxygen partial
pressure. The prior case, K; > K;, is supported by the
data shown in Fig. 7b, where a region of near zero slope
transitions directly into a region of +% slope as oxygen
partial pressure is increased. This corresponds to the tran-
sition from a region where the electroneutrality is given
by Eq. [10] to a region where it is given by Eq. [7]. In
addition, K| is temperature dependent (see gap energies
in Table 2) but K, has been determined to be temperature
independent, thus causing flattening of the conductivity
to occur at higher oxygen partial pressures as temperature
is increased. This model is in excellent agreement with
the experimental data for both layered titanates. La,Ba,
Cu,Ti,0,, exhibits only a small deviation, owing to the
persistence of extrinsic behavior in this material. This
indicates that either K| is smaller or K, is greater in the
random system as compared with the layered system. The
gap energies, see Table 2, are quite similar between the
two systems and therefore the density of states would
have to be smaller in the random titanate to explain the
observed behavior. Alternatively, the random arrange-
ment of oxygen vacancies in the structure of 1a,Ba,
Cu,Ti,0,; may facilitate the incorporation of excess oxy-
gen, thus increasing K, relative to Eu,Ba,Cu,Ti,0,,
where the smaller europium ion occupies the cationic site
in the plane of the ordered oxygen vacancies.

A defect model for the layered copper stannate cannot

087 Z
1b s
= 06 7"
g o
= o
g 047 e
2 4 0 s
2 024 ©°0 P o
3 ] T =800°C
o0 7 o .
S 0 1 o / a EuzBaZCu2T120lI
J // . © LazBaZCUZTlZOH
02 T T
6 -5 -4 0

-3 -2 -1
Log Oxygen Partial Pressure (Atm)

Logarithm of conductivity versus the logarithm of oxygen partial pressure for Eu,Ba,Cu,Ti,0, and La,Ba,Cu,Ti,O; at (a) 650°C and

be as clearly ascertained from the available electrical data.
The Jonker behavior of this compound has shown that
electrons and holes are contributing to the thermopower
and conductivity over the entire range of oxygen partial
pressures investigated. However, nearly the entire intrin-
sic regime is traversed in six orders of magnitude of oxy-
gen partial pressure. The logarithm of conductivity for
La,Ba,Cu,Sn,0; is plotted as a function of the logarithm
of oxygen partial pressure in Fig. 8. The figure demon-
strates that there is a slight dependence of the conductivity
on oxygen partial pressure. If the same model is used for
the intrinsic regime as for the layered titanate, Eqgs. [8]
and [9], the observed behavior is best described if X; is
slightly larger than K. The region of zero slope, corre-
sponding to the neutrality condition in Eq. [10], exists
only over a narrow region of oxygen partial pressure, and
transitional slopes are observed as the material moves
into the extrinsic regimes. Although the electrical data
qualitatively fits the defect model presented, precise oxy-
gen content determination as a function of the oxygen
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FIG. 8. Logarithm of conductivity versus the logarithm of oxygen
partial pressure for La,Ba,Cu,Sn,0,; at four temperatures.
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FIG. 9. Jonker plots for La,Ba,Cu,Sn,0,, (O), Eu,Ba,Cu,Ti,Oy, (V),
LazBazcuzTizon (A), La;Ba3Cu60|4:5 (A) (Ref, 6), and YBazCU3O6+X
(¥) (Ref. 6) at a temperature of ~760°C.

partial pressure must be undertaken to verify this model.
This work is currently underway.

DISCUSSION

The high-temperature electrical properties of the
quadruple perovskites are not significantly different from
other layered cuprates. As mentioned previously, the
Jonker behavior of these ‘‘undoped’ systems is remark-
ably similar to the behavior of [.LBC-336 and YBC-123.
Figure 9 is a Jonker plot of the data collected in the
present investigation along with data from the 123-type
compounds. It is clear from the figure that La,Ba,
Cu,Sn,0,, and LBC-336 are remarkably similar, except
that the density of states-mobility product is slightly
smaller in the quadruple perovskite. Both display an am-
photeric nature which is dependent on the oxygen partial
pressure. However, LBC-336 traces a larger portion of
the pear, and transitions to an extrinsic p-type semicon-
ductor at high oxygen partial pressure. LaBa,Cu;Oq,,
(LBC-123), which can be derived stoichiometrically from
LBC-336 by replacing 25% of the lanthanum with barium,
also exhibits similar behavior (17) but extends further
down the p-type extrinsic leg. The titanate systems exhibit
behavior intermediate between LBC-336 and YBC-123.
Despite displaying both lightly doped intrinsic and extrin-
sic p-type conductivity, as do LBC-336 and YBC-123, the
titanates are confined to a much smaller region of the
pear. Both LBC-123 and YBC-123 can be made to super-
conduct by oxygen annealing, while LBC-336 is nonsuper-
conducting. The two superconducting systems display ex-
tensive p-type extrinsic behavior, whereas LBC-336 and
the quadruple perovskites are confined to the regions near
the base of the pear. This indicates that the number of
charge carriers in the nonsuperconducting compounds is
much lower than that in the superconducting composi-

tions. Efforts to increase the number of charge carriers
in the layered quadruple perovskites have not yielded
single-phase materials (1). Aliovalent substitution of lan-
thanum with barium in LBC-336 results in LBC-123, as
mentioned above, yet despite the drastic change in cat-
ionic composition oxygen treatment is still required to
optimize superconductivity. The similarity of the high-
temperature electrical properties of the quadruple perov-
skites to these systems indicates that strict control of
both anionic and cationic compositions will be required
to realize superconductivity in these materials.

There are several structural differences between the
quadruple perovskites and the 123 systems. Most impor-
tantly, the inorganic spacer layer in the 123-type systems
contains a copper ion, capable of both variable valence
states and oxygen coordination.The inorganic spacer lay-
ers in the present materials contain either titanium or tin,
both of which prefer a valence state of +4 and octahedral
coordination by oxygen. These preferences have been
attributed to the stability of the layered quadruple perov-
skite structure (1-4). The oxygen nonstoichiometry in
these materials is therefore expected to be confined to a
narrower range than that seen in the 123-type systems,
which is consistent with the Jonker behavior and previous
thermogravimetric studies (1-4), indicating essentially
stoichiometric oxygen contents. However, oxygen inter-
calation between double copper—oxygen sheets, similar
to those in the quadruple perovskites, has been observed
in La,_ Sry, Cu,0q,; (18, 19) and La,_, Sr,CaCu,0,; (20,
21). In addition, oxygen vacancies in the CuO, plane along
with oxygen intercalation between these planes has been
observed in Eu, 351, ;Cu,04_; (22) and Nd,_,Sr;,,Cu,0O4_;
(23, 24). Therefore, oxygen excess or disorder on the
oxygen sublattice, as proposed in the above defect model,
is not unexpected in quadruple perovskites. The ionic
defects are too small in number to increase the carrier
content to appropriate levels for superconductivity, but
must be considered as effective compensation mecha-
nisms to electronic defects. Further investigation of the
oxygen stoichiometry as a function of oxygen partial pres-
sure is underway.

The question of disorder on the oxygen sublattice is
most pertinent to La,Ba,Cu,Ti,O,,. Powder X-ray diffrac-
tion indicates that copper and titanium are randomly dis-
tributed on the B-site of this cubic perovskite. In addition,
oxygen vacancies are randomly distributed on the oxygen
sublattice, requiring a large number of titanium ions to
be coordinated by less than six oxygens. An excessive
number of vacancies around titanium ions would seem
energetically unfavorable for this compound. Peak broad-
ening in the diffraction data could be an indication of an
ordered local structure undetectable by powder X-ray
diffraction. The similarity in the high-temperature electri-
cal properties of the layered copper titanate and the ran-
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dom copper titanate is remarkable. The persistence of an
interstitial oxygen defect mechanism at the boundary of
the intrinsic electronic regime argues that the electronic
disorder is greater than the ionic disorder in the intrinsic
regime, as seen in the layered titanate. However, this
compound is a highly oxygen-deficient perovskite, con-
taining 8.33% oxygen vacancies with respect to the ideal
perovskite stoichiometry. Therefore, the large number of
oxygen vacancies in this material must be considered a
structural feature, and the electronic behavior is deter-
mined from the reference state with an oxygen stoichiom-
etry of 11, as mentioned above. The similarity of the two
titanate systems indicates either that the high-temperature
electronic behavior of these polycrystalline cuprates is
not strongly correlated to their layered structure or that

the local structure of the two compounds is more closely

related than powder XRD indicates. Electron microscopy
is underway to investigate the latter.

The n-type behavior of La,Ba,Cu,Sn,0,, is not supris-
ing when considering the long in-plane copper—oxygen
bond length. Similar behavior in the 123-systems is diffi-
cult to correlate with the in-plane bond lengths because
of the multiple copper sites available. The decrease in
this bond length for the layered titanate seems to stabilize
p-type behavior. However, the intrinsic behavior indi-
cates that holes and electrons are present in both systems.
Stabilizing doped samples has been unsuccessful to date,
which can be attributed to several features of these materi-
als. A delicate balance exists between the cationic sizes
and the stabilization of the layered structure (1-4), and
the introduction of charged species serves to further com-
plicate this balance. In addition, ionic defects are an im-
portant feature of these compounds, as seen with the
electrical properties, which compete with electronic com-
pensation mechanisms when aliovalent impurities are in-
troduced. Careful consideration must be given to the pref-
erences in coordination and valence, as well as the size,
of potential dopant ions such that the layered structure
can be maintained and the generation of electronic carriers
is the predominant compensation mechanism. High-tem-
perature electrical investigations of doped samples are
currently being pursued.

CONCLUSIONS

High-temperature electrical characterization of quadru-
ple perovskites has demonstrated that both electronic and
ionic defects play an important role in these compounds.
La,Ba,Cu,Sn,0, displays an n to p transition as a function
of oxygen partial pressure, but the intrinsic generation of
electron-hole pairs dominates the conductivity of this
semiconductor. Eu,Ba,Cu,Ti,0,; and La,Ba,Cu,Ti,Oy,
both are p-type extrinsic semiconductors at high oxygen
partial pressures and low temperatures. The defect struc-

ture in this regime is dominated by interstitial oxygen
defects, i.e., p = 2 [O"]. At low oxygen partial pressures
and high temperatures a transition occurs to lightly doped
p-type semiconductivity, where both electrons and holes
contribute to the electrical properties. In this region, the
electroneutrality condition becomes that of an intrinsic
semiconductor, n = p. The complete substitution of
europium by lanthanum in Eu,Ba,Cu,Ti,0,; destabilizes
the layered quadruple perovskite structure. The average
structure of La,Ba,Cu,Ti,0y; is that of a simple, oxygen-
deficient, cubic perovskite which does not contain a CuO,
layer. Jonker analysis indicates that the layered quadruple
perovskites are similar to superconducting layered
cuprates in their high-temperature electrical behavior, yet
the total carrier content is well below that of known super-
conductors. If doping mechanisms which increase the
number of carriers, while maintaining the layered struc-
ture, can be realized, superconductivity may be attainable
in this class of compounds.

Note added in support. Since the submission of this
manuscript, a structural investigation of La,Ba,
Cu,Ti,0,, using powder X-ray and neutron diffraction,
has been reported (25). Whereas X-ray diffraction indi-
cates no long-range order, and the data are sufficiently
described by the cubic perovskite structure, neutron dif-
fraction confirms the existence of partial order in this
compound (25). The neutron results were successfully
modeled using two ordered microdomains with the same
crystal structure but displaced origins (25). Although the
order does not extend to long range, it does preserve the
local environment of the copper and titanium cations, in
two microdomains distributed throughout the bulk. These
results agree well with our observations and conclusions:
the broad cubic perovskite peaks from X-ray diffraction
and similar high-temperature electrical properties to the
layered quadruple perovskite, Eu,Ba,Cu,Ti,0;, imply lo-
cal order in L.a,Ba,Cu,Ti,0,,. The similarity of the defect
chemistry in the two titanate systems can therefore be
attributed to the similarity of the local structure in these
layered quaternary perovskites.
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