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La,CuO, is an oxygen-excess, p-type material over the range 700~900°C and 10~2-10° Pa of oxygen.
The major defects are interstitial oxygen and holes. The enthalpy of oxidation is near zero, and the
hole mobility increases slightly with decreasing temperature, characteristic of band conduction. The
preference for oxygen-excess nonstoichiometry is attributed to the presence of an interstitial site that
is of adequate size for an oxide ion, to local charge and stress imbalances in the La,CuQ, lattice that
favor the presence of holes in the Cu-O planes, and to large, negatively charged oxygen interstitials

in the NaCl layers of the intergrowth structure.

Introduction

Superconducting compositions of the
type La,_ M, CuO, (M = Sr, Ba) have been
studied extensively since the discovery of
high temperature superconductivity in a
member of this family in 1986 (/-3). Doping
with the alkaline earth ions, and equilibra-
tion with an oxidizing atmosphere, in-
creases the hole concentration to the level
necessary to give superconducting proper-
ties. The undoped parent compound La,
CuO, has also been found to become super-
conducting below about 30 K, if it is equili-
brated in very high oxygen pressures so as
to raise the hole concentration by the incor-
poration of a stoichiometric excess of oxy-
gen (4-6). Thus the defect chemistry of La,.
CuQ, is of interest both for its own
properties and for its being the parent com-
pound of the doped compositions.

In the superconducting solid solutions
La, M,Cu0O,, where M is a divalent cation
that acts as an acceptor impurity, the super-
conducting transition temperature initially
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increases with increasing acceptor content
and peaks at x = 0.15, after which it de-
creases with further doping (7, 8). For low
dopant concentrations and high oxygen ac-
tivities the acceptor content is compensated
by holes, whose concentration thus in-
creases with doping. For x > 0.2, the com-
pensation is increasingly accomplished by
oxygen vacancies, and the hole concentra-
tion drops. Under oxidizing conditions, un-
doped La,CuQ, takes up a stoichiometric
excess of oxygen that is compensated by
holes (9). This is analogous to the oxidation
of YBa,Cu,0q, ,, in which the hole concen-
tration is increased by the filling of oxygen
vacancies (/0).

In order to understand the effects of dop-
ants and equilibration conditions on the
transport properties of La,CuQ,, it is neces-
sary to study its defect chemistry. The ce-
ramic material readily equilibrates with oxy-
gen-containing atmospheres at elevated
temperatures, and information on the re-
sulting defect populations can be obtained
by high temperature electrical measure-
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ments and thermogravimetric analysis. At
low oxygen contents, nonsuperconducting
single phase materials can be achieved that
undergo a structural change from tetragonal
to orthorhombic near 530 K. During equilib-
rium studies at temperatures considerably
higher than 530 K, the material will remain
in the single-phase, tetragonal, oxygen-
excess state that is the origin of supercon-
ductivity in this material.

Experimental

Powders of La,CuO, were prepared by
two techniques to ensure reproducibility:
the conventional solid state reaction tech-
nique involving the calcination of a mixture
of La,0; and CuO powders at 1000°C and a
liquid-mix method similar to that described
by Pechini (/7), in which metal salts are
dissolved and mixed in citric acid and ethyl-
ene glycol and then dried and calcined. The
resulting single-phase powders, as deter-
mined by X-ray diffraction, were pressed
into rectangular bars, 0.15 x 0.6 X 1.5 cm?,
and sintered at 1200°C in air for 12 hr. The
sintered samples were dense and mechani-
cally sturdy. The equilibrium conductivities
were measured by a standard dc, four-probe
technique, as a function of temperature and
oxygen partial pressure. Variations in atmo-
sphere were achieved by flowing mixtures
of oxygen and argon, or carbon dioxide and
carbon monoxide, through the sample
chamber, and the oxygen partial pressure
was monitored by a zirconia cell. Thermo-
electric power was measured in natural tem-
perature gradients achieved by varying the
temperatures in two heating zones. Nearly
identical results were given by samples pre-
pared by the two processing techniques.

Results and Discussion

The Stoichiometric Composition

The proper discussion of redox behavior
and nonstoichiometry requires the defini-
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tion of a stoichiometric composition as a
reference state. This is the composition for
which there are neither excess electrons nor
excess holes and for which these electronic
carriers arise only by ionization across the
band gap. Under these circumstances, and
when there are no trapping states in the band
gap, the total electron and hole concentra-
tions are necessarily equal. Thus charge
neutrality must also include charge balance
among the various charged lattice defects.
When the stoichiometric composition is 0xi-
dized, excess oxygen is added to the mate-
rial and empty electronic states are intro-
duced into the valence band, i.e., holes. The
resulting p-type conduction increases with
increasing oxygen partial pressure, P(O,).
On the other hand, reduction leads to oxy-
gen deficiency and excess electrons. The
resulting n-type conductivity increases with
decreasing P(O,). The stoichiometric com-
position thus corresponds to the minimum
value of the electronic conductivity plotted
as a function of P(0O,), insofar as the elec-
tron and hole mobilities are similar in magni-
tude, and when these species are not
trapped by any oppositely charged lattice
defects in the crystal. In La,CuQ,, Cu®" is
the only oxidizable and reducible species,
and there is only one type of lattice site
for the copper, at the center of an oxygen
octahedron. Therefore, there should be only
one oxidation state for Cu at the stoichio-
metric composition, which is clearly
La,CuO,, which corresponds to the combi-
nation of the stoichiometric binary oxides,
La,0; and CuO. This composition corre-
sponds to the ideal K,NiF, structure, which
is thus the reference structure from which
lattice defects are defined.

High Temperature Defect Chemistry

The equilibrium electrical conductivity of
La,CuQ, is shown in Fig. 1. The conductiv-
ity increases with increasing P(O,) across
the entire experimental range (1072 = P(0O,)
= 10° Pa and 700-900°C), characteristic of



DEFECT CHEMISTRY OF UNDOPED La,CuQ,

35
o et s
sof s it I
- 7 = 700C s
E ]
3 »
.
©
25 o T
(L3 L]
1 w»
a slope= +1/6
L ]
>
20 1
5 L 1 L L L L
-2 1 0 1 2 3 4 5

LOG P(02) (Pa)

FiG. 1. Electrical conductivities of undoped La,CuO,
as a function of oxygen partial pressure at 700-900°C.

p-type conduction related to a stoichiomet-
ric excess of oxygen. The results are very
similar in both magnitude and oxygen pres-
sure dependence to those described pre-
viously by Su er al. and by Tsai et al. (12,
13). The excess oxygen could be accommo-
dated by the filling of oxygen vacancies, by
the formation of cation vacancies, or by the
occupation of interstitial sites. The amount
of nonstoichiometry exceeds any reason-
able impurity level or uncertainty in the La/
Cu ratio, so the filling of extrinsic vacancies
is not likely, The cation vacancy model does
not fit the observed P(O,) dependence, so
it 1s assumed that the interstitial model is
correct. This is in accord with a neutron
diffraction study of the isostructural
La,NiO, by Jorgensen et al. (I4) in which it
was determined that a stoichiometric excess
of oxygen is located in interstitial sites. For
comparable  equilibration  conditions,
La,NiO, has a considerably higher content
of excess oxygen than does La,CuOQ,, be-
cause of the greater ease of oxidation of
Ni** compared with Cu?*. This higher de-
fect concentration made it possible to deter-
mine the location of the excess oxygen in
the lattice, and it is reasonable to assume
that similar accommodation occurs in
La,CuQO, (9). Thus the oxidation reaction is
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310, =07+ 2k ¢))
with the mass action expression
[0{!] p2 P(OZ)~1/2 =er—AHp/kT’ (2)

where p = [h'] and AH, is the enthalpy of
oxidation per oxygen. If Eq. (1) is the major
source of defects, then the condition of bulk
charge neutrality can be approximated as

p =2[01]. (3)
Combination of Eqgs. (2) and (3) gives
p= (2Kp)1/3€—AHkaTP(OZ)l/ﬁ (4)

which is in excellent agreement with the ex-
perimental results. This is the same model
proposed by Su et al. (12). Thus it appears
that the excess oxygen occupies interstitial
sites and that the oxygen interstitials and
the corresponding holes are the major de-
fects over the entire range of experimental
conditions studied. The conductivity shows
no significant temperature dependence for
these equilibrium conditions.

The thermoelectric power of La,CuQ,
was measured within the same experimental
range and the results are shown in Fig. 2 in
the form of the normalized Seebeck coeffi-
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F1G. 2. Normalized Seebeck coefficients of undoped
La,CuO, as a function of oxygen partial pressure at
700-900°C,
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cient, which is proportional to the log of the
carrier concentration, as a function of log
P(0O,). The results are again similar to those
reported previously (12, 13), although the
magnitudes of our coefficients agree best
with those of Tsai et al. (13). The Seebeck
coefficient is always positive, in accord with
the expected p-type conductivity. It is also
proportional to P(O,)"®, as was the conduc-
tivity, indicating that the hole mobility is
independent of the defect concentration. It
is important to note that both the conductiv-
ity and the carrier concentration are essen-
tially independent of temperature. This im-
plies that AH,, the enthalpy of the oxidation
reaction, is near zero and that the hole mo-
bility has little or no temperature depen-
dence. These points will be discussed in
greater detail later.

The equilibrium conductivity of La,CuQO,
follows the same P(O,) dependence down to
the lowest partial pressures shown. There is
no indication of a transition to a regime
where holes and oxygen interstitials are not
the major charged defect species. For P(O,)
values below about 1073 Pait is very difficult
to obtain reproducible conductivities, and
this is assumed to be associated with a de-
composition of the compound. Thus the
stoichiometric composition of La,CuQ,
does not appear to be stable at these temper-
atures, and the presence of either interstitial
oxygen or holes in the valence band may be
necessary to stabilize the structure. Su et al.
(12) have collected the available information
on the amount of excess oxygen as a func-
tion of P(O,) and have shown that it contin-
ues to follow the P(O,)"® dependence up to
23 kbars, the highest pressure for which data
are available. At that pressure the composi-
tion corresponds to the formula La,CuQO, .

The defect chemistry of La,CuQO, can be
viewed as a narrow range of a generalized
Kroger—Vink diagram of the type shown in
Fig. 3, where anion Frenkel defects are as-
sumed to be the preferred type of intrinsic
ionic disorder and the band gap is assumed
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F1G. 3. Schematic equilibrium defect diagram for an
ideally pure oxide with K; = np >> Ky = [V] [0]].

to be smaller than the enthalpy of formation
of anion Frenkel disorder. The stability
range of La,CuQ, exists only at the far right-
hand side of this diagram, where holes and
oxygen interstitials are the major defects.

The Structural Accommodation of Excess
Oxygen in La,Cu0O,

La,CuO, has the K,NiF, structure in
which single perovskite-type layers are sep-
arated by a double sequence of NaCl-type
layers, as shown in Fig. 4. This corresponds
to the first member, n = 1, of the Ruddle-
sden—Popper sequence of structures that
have the generic formula AO-nABO; (15).
It has been shown that this sequence is a
special case with m = 1 of a more general
family of structures involving coherent in-
tergrowths of the NaCl and perovskite
structures with the generic formula
mAO-nABO; (16). Most of the Bi- and TI-
containing superconducting cuprates also
belong to this family of structures. Since
these are relatively close-packed structures,
it may seem unlikely that they can accom-
modate oxygen on interstitial sites. The in-
terstitial site suggested by Jorgensen et al.,
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Fi1G. 4. Crystal structure of La,CuQO, showing the
position of interstitial oxygen (X ).

based on their neutron diffraction study of
the isostructural La,NiQO,, is indicated by
%" in Fig. 4 (/14). It corresponds to the
tetrahedrally coordinated interstitial site in
the NaCl part of the structure. In the ideal
NaCl structure, this site can accommodate
an ion with a radius that is 0.225 that of the
close-packed anions, but the NaCl layer in
La,CuO, is far from ideal because the cat-
ions and anions are nearly the same size,
0.134 nm for La** (9-coordinate) and 0.126
for 0%~ (6-coordinate) (/7). Thus the inter-
stitial site takes on more of the appearance
of abody-centered cubic interstice, in which
the diameter of the ideal interstice is 0.732
times that of the cubic ions. From the ionic
radii listed above, this interstice can accom-
modate an ion with a radius of 0.095 nm,
while from the lattice dimensions of La,
CuO, (9), the ideal size of the interstitial ion
is 0.094 nm. Moreover, the La-O distance
for the interstitial ion i1s then 0.229 nm,
which is very close to the closest La—Q sep-
aration of 0.230 nm in the lattice (/8). Jor-
gensen et al. also found that the first coordi-
nation sphere around the interstitial oxygen
in La,NiQ, is slightly distorted so that the
surrounding oxide ions have moved away
from the interstitial (/4). If it is assumed
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that the amount of distortion is similar in
La,Cu0,, about 6% in the face-diagonal di-
rection, the radius of the interstitial site is
increased to about 0.104 nm, and the La-O
separation for the interstitial is then 0.238,
larger than the shortest La—~O distance in
the La,CuQ, lattice. Thus the size of the
interstitial site in the NaCl layer of La,CuQ,
is adequate for the accommodation of an
interstitial oxide ion.

It may also be noted that the NaCl layer
carries a net positive charge relative to the
perovskite layer and hence is particularly
receptive to the introduction of a negatively
charged defect. While in the isostructural
compound Sr,TiO,, or 2SrO-TiO,, the NaCl
layers are made up of electrically neutral
SrO, and the perovskite layers from electri-
cally neutral SrTiO;, in La,CuQ, these lay-
ers consist of LaO* and LaCuOs3, respec-
tively. In addition, Goodenough and
Manthiram have pointed out that there is a
substantial mismatch in bond lengths be-
tween the perovskite and NaCl layers in
La,CuQ,, such that the perovskite layer is
under compression and the NaC(l layer is
under tension (/9). The incorporation of 0x-
ygen interstitials in the NaCl layer is thus
favored by the tensile stress in that part of
the lattice. This interaction with imbalances
in both stress and charge by the oxygen in-
terstitials, plus the attraction of the net nega-
tive charge in the perovskite layer for the
introduction of positively charged holes into
Cu states, may explain the tendency for La,.
CuQ, to favor oxygen excess over oxygen
deficiency, as well as the observation that
the stoichiometric composition does not
seem to be stable under equilibrium condi-
tions.

Electrical Properties

It was shown in Figs. 1 and 2 that the
equilibrium conductivity and the Seebeck
coefficient are both relatively independent
of temperature, indicating that the enthalpy
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FiG. 5. Electrical conductivities as a function of tem-
perature for undoped La,CuQy, in 1 atm O, and Ar.

of oxidation, AH,, is near zero and that the
hole mobility has little if any temperature
dependence. The latter has been explored
further by measurement of the same two
parameters over the extended temperature
range of 200-1000°C in fixed atmospheres
of oxygen or argon at 1 atm. The oxygen
content of the argon is in the range 10-100
ppm (1-10 Pa). As shown in Figs. 5 and
6, the conductivity increases slightly with
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F1G. 6. Normalized Seebeck coefficients as a func-
tion of temperature for undoped La,CuO, in 1 atm O,
and Ar.
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decreasing temperature, as would be ex-
pected for metallic-type conductivity with a
constant carrier concentration. The ther-
mopower measurements confirm that the
hole concentration is essentially indepen-
dent of temperature. It thus appears that the
hole mobility increases slightly with de-
creasing temperature, as is characteristic of
band conduction. Jorgensen et al. have re-
ported a composition of La,CuQ, ,, for ma-
terial equilibrated in 1 atm of oxygen at
900°C (9). Based on extrapolation of this
value to the lowest oxygen pressures at
which stable conductivities could be mea-
sured, this material appears to be unstable
for oxygen contents below L.a,CuQ, .
Based on the presence of two holes per ex-
cess oxygen, and our experimental results,
the hole concentration can be expressed as

p =3.08x 10°P(0)"cm ™3, (5

where P(O,) is expressed in Pa and the mo-
bility is given by

w = 168007 2 cm?V - s. 6)

From these results, the hole mobility at
900°C is 0.42 cm?V - 5. This is on the border-
line between what are generally considered
typical values for band and small polaron
conduction. Based on the lack of any indica-
tion of thermal activation for the hole mobil-
ity, the behavior most closely resembles
band conduction.

The nature of the conductivity in La,CuO,
has been examined by a density of states
versus energy diagram for o-bonding by
Singh et al. (20). They proposed that there
exists an overlap between the empty split
a-;":z_yz band and diz energy levels, which
leads to metallic behavior. The metallic
state could also be attributed to a half-filled,
unsplit o-_fz_yz band. However, for either of
these models in which a substantial fraction
of the uppermost occupied band is filled, the
hole concentration as a function of oxygen
activity would not follow the mass-action
expression for the oxidation reaction.
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