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Gravimetric measurements on pure and lanthanum-doped SrTiQ, have shown that the reversible
change of oxygen content, between specified states of oxidation and reduction, is proportional to the
dopant concentration. These measurements indicate that the donmor dopants are electronically
compensated by additional oxygen uptake in the oxidized state. The range of this reversible change in
oxygen stoichiometry is up to more than an order of magnitude larger than the oxygen nonstoichiome-
try of the undoped SrTiO;. A single-phase region from La, Sty s Tigt Tig5 05 to Lay 2SrysTi** 05 40 has
been confirmed for lanthanum-doped SrTiO;. The gravimetric measurements can be explained by a

model involving a shear structure.

Introduction

In addition to the extensive family of
stoichiometric perovskites of general for-
mula ABQ;, many such compounds exhibit
nonstoichiometry on one or more sublat-
tices (/). The literature concerning the ef-
fect of dopant ions on the physical proper-
ties of SrTiQ; is limited. Little of the work
has been concerned with establishing phase
diagrams or structure data, although we
have noted the study of La%**-doped PbTiO,
(2, 3). Eror and Smyth have reported (4)
that in BaTiO, up to 20 at.% barium may be
substituted by lanthanum to retain a single-
phase fully oxidized material. They did not
observe any second phase either by optical
means or by X-ray diffraction studies.
Tofield and Scott have reported (5) that
La%*-doped SrTiOj; has no significant range
of nonstoichiometry. They reached this
conclusion based on their estimation of
slight solubility of La3* in SrTiO;. We have
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observed that up to 40 at.% of lanthanum is
soluble in strontium titanate (6).

The disorder created by La®* as a donor
dopant in SrTiO; should lend itself to de-
scription by Verwey’s controlled valency
model (7). By this model, there would be
compensation for the La3* on Sr sites by
the creation of equal numbers of Ti3* jons.
The Ti®* ions are then responsible for the
increase in electrical conductivity. In this
case the donor dopant dominates the posi-
tive side of the electroneutrality equation
and as a consequence the negative defect
concentration would be independent of
equilibrium oxygen activity. This compen-
sation mechanism has also been referred to
as controlled electronic imperfection (8).
Similarly, the donor dopant may be com-
pensated by the formation of charged point
defects that would also be independent of
equilibrium oxygen activity. This compen-
sation mechanism has been referred to as
controlled atomic imperfection (8), self-
compensation (4, 9-/4), and stoichiometric
compensation (4).
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For BaTiO; with high concentrations of
donor dopants, the theories that have been
offered for the self-compensation range
from the creation of compensating barium
vacancies (/5-17) to a change of the cation
site occupied by the donor dopant (/8). In
considering these theories for the donor-
doped SrTiO,, it must be kept in mind that
SrTiO, is a ternary compound and that the
Sr/Ti ratio is fixed. For the case of the
creation of strontium vacancies at higher
donor-dopant concentrations there should
be an irreversible loss of strontium or pre-
cipitation of a strontium-rich phase. For the
case of different site occupancy it would be
possible to have compensation if some of
the donor dopant substituted for Sr2* were
to shift to Ti** sites and vice versa. For the
case of a +3 valent dopant substituted for
Sr2* only one-sixth of the dopant would
have to shift from +2 to +4 valent sites for
complete compensation to occur. The fac-
tor } arises from the fact that the +3 valent
dopant removes itself as a donor when it
shifts site, becomes an acceptor on a Ti*t
site, and results in two strontium vacancies
which may become doubly ionized (one
vacancy from the site it left behind and
another since it now occupies and, there-
fore, creates a new Ti site). For the case of
+5 ion donor dopant substituted for Ti**
shifting to Sr?* sites, one-sixth of the
dopant would have to occupy Sr?* sites for
complete compensation to occur. From a
crystal chemistry point of view, some of
these schemes involve some very unlikely
site assignments and would require
significant concentrations of titanium va-
cancies which are structurally unsound for
the perovskite structure.

Experimental

The donor doped SrTiQ, was prepared
by the liquid mix technique (4, /9). Re-
quired amounts of strontium carbonate
(Johnson-Mathey Corp., Spec. Pure), lan-
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thanum carbonate (Rare-Earth division,
Spec. Pure), and tetraisopropyl titanate so-
lution (Dupont Co., Tyzor) were dissolved
in an ethylene glycol—citric acid solution.
There was no evidence of any precipitation
in the solutions as they were evaporated to
a rigid, transparent, uniformly colored
polymeric glass. The samples were then
calcined at 700-900°C—there was no evi-
dence of a second phase in any of the as-
calcined samples. The various calcined
compositions were then pressed at 50,000
psi and sintered in air at 1350°C. For gravi-
metric measurements the samples were
equilibrated in oxygen or carbon dioxide—
carbon monoxide mixture at 1050°C for the
oxidized and reduced states, respectively,
and quenched in the ambient gas. The
CO/CO, mixture was adjusted to provide
oxygen partial pressure of 107!* atm at the
equilibration temperature. All gravimetric
measurements were made at room tempera-
ture on at-least-duplicate samples on a
Cahn model 4100 electrobalance. All the
oxidized samples are bright yellow and
insulating, whereas the reduced samples
are dark and semiconducting.

Results and Discussion

Gravimetric measurements on pure Sr
TiO; and on samples doped with up to 20
at.% La3* substituted for Sr?* have shown
that the reversible change of oxygen con-
tent, between specified states of high and
low oxygen activity, is proportionai to the
dopant concentration. If it is assumed that
each added oxygen will neutralize two La3+
dopant ions, there is a correlation of 95% or
better between the measured increase in
weight on oxidation of a sample that had
been equilibrated in an atmosphere of low
oxygen activity and the calculated amount
of oxygen required to neutralize the do-
pant.

The driving force for additional uptake of
oxygen is the compensation of the elec-
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tronic disorder introduced by the donor
dopant. Such charge compensation has
been described for the case of doped ele-
mental semiconductors (20) where the solid
solubility of impurities is found to be pro-
portional to the concentration of electronic
disorder. The increase in energy that is
required to introduce an ion into the host
lattice is more than compensated by the
decrease in electronic disorder. The
amount of energy gained by the compensa-
tion of the electronic disorder is determined
by its ionization energy and may be of the
order of an electron volt.

It is possible to increase the amount of
electronic disorder created by a given do-
nor-dopant concentration by substituting a
+4 valent dopant of the appropriate ionic
size for Sr?t or a +6 valent dopant for Ti*t.
Such dopants would require twice as much
reversible oxygen weight change for elec-
tronic compensation as would an equal
atomic concentration of La®* on Sr?* site or
Ta®* on Ti** site. Self-compensation of
BaTiO; with up to 1 at.% Th#** substituted
for Ba?+ or up to 2 at.% Mn®* substituted
for Ti** has been measured by Eror and
Smyth, (4) and found to agree with the
assumption that each added oxygen ion will
neutralize one donor-dopant ion. Their
results established that Mn®* substitutes for
Ti** in BaTiO; when equilibrated with an
atmosphere of high oxygen activity and that
Th** does substitute for Ba?*.

La%* was chosen as a dopant in order to
understand the mechanism by which the
‘‘self-compensation’’ by oxygen occurs be-
cause we found its extensive range of solid
solution (up to 40 at.%) (6). As can be seen
in Fig. 1 there is excellent agreement be-
tween the calculated amount of oxygen
necessary to compensate the La3* dopant
and the measured reversible oxygen weight
change between the oxidized state at one
atmosphere oxygen and the reduced state
of equilibration in a CO/CO, mixture. For
the 10 at.% La%" concentration this
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FiG. 1. Maximum reversible weight change ob-

served for SrTiO;, between oxygen partial pressures
established by CO/CO, mixture, or oxygen, as a
function of La3* dopant concentration (at 1050°C).

amounts to a 40-fold increase in oxygen
nonstoichiometry compared with that of
undoped SrTiQ4. For a La®* concentration
of 20 at.%, the oxidation kinetics became
extremely slow so that good quantitative
results were difficult to obtain. However,
there is self-compensation at this concen-
tration also with at least an 85% correlation
with the predicted weight change.

A Kroger-Vink diagram (2/) is a useful
representation to consider when discussing
the defects in ternary oxides of the type
ABOQ;. Figure 2 illustrates the variation of
defect concentrations as a function of oxy-
gen partial pressure (P,) for the case of
fully ionized atomic defects and the elec-
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F1G. 2. Defect concentrations vs the oxygen partial
pressure in pure ternary oxide ABQ,.
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trons [n], and electron holes [p]. It is as-
sumed that the A and B content of the oxide
ABOQy is constant. The familiar [n] a P52 in
the region with electrical neutrality condi-
tion [n] = 2[V;] is illustrated in Fig. 2. Fig-
ure 3 is for the case of a ternary oxide ABO,
with a donor dopant, I, that is fully io-
nized, I,. It is seen from Fig. 3, that for
sufficient departures from stoichiometry,
the electrical conductivity is controlled by
[n] = 2[V;] and the effect of the donor
dopant is not seen. When a donor element
is added, the n to p transition is shifted to
higher P,, while the metal excess to metal
deficit transition is moved to lower P,
[see Fig. 3]. This means that with the shift
of the transition of metal excess to metal
deficit disorder to lower P,, values, there
may be significantly larger concentrations
of atomic disorder than for the undoped
oxide. The possibility of self-compensation
is built into the random defect model of
nonstoichiometry if the oxide is stable over
a sufficiently wide range of oxygen partial
pressure.

The observation that highly donor-doped
SrTiO; is self-compensated is unequivo-
cally explained by the measured reversible
change in oxygen stoichiometry, the ques-
tion of how the extra oxygen is accommo-
dated remains to be answered. The obser-
[u')=21va") s alve™]

(a]=2[vg] (n)=~{In)
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F1G. 3. Concentrations of charged defects as a
function of P,, for donor-doped ABO;.
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FiG. 4. Lattice parameters of solid solutions in
lanthanum-doped strontium titanate.

vation of self-compensation at a La’%*
concentration as high as 20 at.% eliminates
the following possibilities:

(a) Additional oxygen uptake at grain
boundaries;

(b) A discrete second phase that is stable
only in the fully oxidized state (no second
phase observed optically, by X-ray diffrac-
tion or by Raman laser spectroscopy,
which is a more sensitive technique than
the first two);

(c) Irreversible loss of Sr resulting in both
Vs and V, in the reduced state (none ob-
served);

(d) Interstitial oxygen (presence of inter-
stitials is unrealistic in this close packed
structure with all lattice sites occupied—
also no significant lattice parameter change
between the oxidized and reduced states is
observed, as can be seen in Fig. 4).

Even though the La3* deficit compounds
like La,,sTiO4 (22), and Lag 3+, Ti03(23), 0
< x < ¥, would be a possible compensating
mechanism, a second Sr-rich phase would
have to be exsolved to provide the Sr-site
vacancies required for compensation, since
the (St + La)/Ti ratio is unity.

The observation of self-compensation
could be explained by the following ways:
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(a) The addition of oxygen on oXxygen
sites creating both strontium and titanium
vacancies (although the latter is unlikely
structurally)

Lag + Tig + 10, =30, + # Vi,
+ 4 Vi,+ Lag + Tip.

The presence of B-site vacancies in
perovskites has been reported for lanthana-
substituted PbTiO, by Hennings and Ro-
senstein (2), and for lanthanum manganite
by Tofield and Scott (5). Rauser and Kem-
mler-Sack (24) have reported the ordered
perovskites with B-site vacancies for a new
series of composition BaZ*B3+Ug],,606
for B3 = Sm-Lu, Sc, and Y. Kemmler-
Sack et al. (25-28) have shown the pres-
ence of octahedral vacancies in hexagonal
perovskites by structure factor analysis and
vibrational spectroscopic investigations.
The existence of vacancies on both A and B
sites in SrTiO; or in the structural analogs
BaTiO, and CaTiO, are not reported in the
literature.

(b) A shift in the cation site occupied by
the donor dopant when the samples are
oxidized,

La.sl- + Tir’rl + '}02 ‘_—‘éOo + %La!n
+ % Vi + % Lag + Tip;.

Kwestroo and Paping (29) found evidence
that Ca®** jons can be incorporated at tita-
nium sites in the perovskite phase in the
system BaO-CaO-TiO,. From the lumi-
nescence measurements on Sm-substituted
BaTiO, Murakami et al. (30) concluded
that Sm3* ions were present at Ti-sites
as well as at Ba sites. But neither paper
proves that a significant number of such
large ions (Ca, Sm) enters Ti sites. Lan-
thanum ions occupying octahedral sites
in perovskites with the general formula
A% (B3*)o5(B3*)0s0; have been found by
Brixner (3/-32) and Galasso and Darby
(33). Takeda and Watanabe (34) have re-
ported evidence of La®* on Ti** sites. They

obtained an EPR signal characteristic of an
F-center equivalent to the acceptor, Lal,.
This signal was present only for the case of
a Ba/Ti ratio of 1.02 plus an additional 1.0
at.% La (Ba/Ti ratios of 1.01 and 1.03 had
little or no signal). In the present investiga-
tion, the large cations to small cation ratio
is maintained at unity with a variation of
15-25 ppm. From the results of Takeda and
Watanabe’s (34) work and the cation ratios
used in this experiment, one can assume
that La3" ions mainly occupy the Sr?* sites.
Also, by careful structure factor analysis
Hennings and Rosenstein (2) eliminated the
possibility of La3* ions occupying the tita-
nium sites in lanthanum-modified lead tita-
nate. Further, the possibility of a change in
cation site occupied by the donor dopant
can be discounted because of the unlikely
possibility of the creation of titanium va-
cancies in the perovskite structure that are
required to compensate donor dopants sub-
stituted for Ti**. Careful X-ray diffraction
intensity measurements should be per-
formed before completely discarding this
possibility as well as the possibility of the
addition of oxygen on oxygen sites creating
both strontium and titanium vacancies.

(c) A reversible change from a classic,
randomly distributed, point defect model in
the reduced state to a compensated struc-
ture with ordered defects in the oxidized
state.

% Srg, + Lag, + Tigy + 10, =
3 (SrO) + % Vi, + Lag, + Tip,.

For a La3* concentration of 20 at.% it will
be,

Lad%Sr3iTi** 037,
= [Lag 4S15.703,.4]TiO3 + 0.1(Sr0),

where [J represents the vacancy on an A
site.

The existence of a perovskite phase of
composition Sr,_;s.L.a TiOs has been re-
ported by Tien and Hummel (35). (SrO)
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does not represent a separate phase but a
structural accommodation in an ordered
fashion, perhaps in the way that Ruddles-
den-Popper phases (36); i.e., nSrTiO;
- SrO are formed by ordered layers of SrO
between perovskite type SrTiO; layers of
various thickness. Figure 5 shows the
Sr,Ti,0,; structure where double SrTiO,
perovskite layers are interleaved with SrO
layers. McCarthy et al. (37) and White ef
al. (38) have prepared and identified by X-
ray diffraction and Raman spectroscopy
the first three members of the series
nSrTiO, - SrO. Tilley (39) was only able to
prepare Sr,TiO, and Sr;Ti,O, but was able
to demonstrate the presence of crystallo-
graphic shear by a lattice imaging technique
using transmission electron microscopy.
The present authors have prepared the first
six members of the series nSrTiO, - SrO by
employing the liquid-mix technique and
identified them by Raman laser spectros-
copy (40).

By this type of proposed model, the
compensation of donor-doped SrTiO, is by
the strontium vacancy model, but since we
have a ternary oxide the additional stron-
tium that results from the strontium vacan-
cies combines with oxygen, accounting for
the gravimetric observations, to form
(SrO), which is built into the lattice in a
reasonably ordered fashion. It should be
noted that the perovskite layers may still
contain a random distribution of dopant
ions and strontium vacancies even in the
fully compensated oxidized state. The in-
terlayer ordering might not be detected by
conventional X-ray powder pattern tech-
niques, because only 1 (SrO) layer would
be required for each 10 perovskite SrTiO;
layers for the case of 20 at.% La3* substitu-
tion for Sr?*. For 20 at.% La3*-doped sam-
ples, the lattice parameters of oxidized and
reduced materials are 3.8972 and 3.8968 A.
As expected the lattice parameter of lan-
thanum-doped sample is less than that of
the undoped SrTiOj (3.9054 A).

\
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o

F1G. 5. The structure of SrTi;0.

This work suggests a bridge between the
two separate schools of thought on nonstoi-
chiometry: The case of random point de-
fects in which aliovalent cations are incor-
porated into the host lattice without a
change in either structure or cation—anion
ratio, and the case of extended defect struc-
tures in which all cations retain their nor-
mal oxidation states and the resulting
change in cation-anion ratio is accommo-
dated by subtle structural changes (4/-45).
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