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A method for parametrizing the A cation size disparity or mismatch in ATO; perovskites
through the A cation size variance has recently been proposed and experimental studies
are reviewed. (A is a mixture of trivalent lanthanide and divalent alkaline-earth cations.)
The metal—insulator transition temperature in AMnO; perovskites and the critical tem-
perature in A,CuO, superconductors are both found to decrease linearly with this size
variance at constant doping level and average A cation radius. This result enables a pair
of quadratic relationships for the mean size and size variance effects to be proposed as the
result of changing strain energies associated with small structural distortions at the electronic
transitions. Doping level, mean A cation radius, and the size variance are thus the three
major parameters that control electronic properties in oxygen stoichiometric perovskite

oxides.
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1. Introduction

Perovskite-type and related oxides of the first row
transition metals (T) have long been of interest for their
electronic and many other properties.12 All the metals
T = Ti—Cu can give rise to metallic conductivity in
perovskite-type or related oxides, and metal-to-insulator
transitions can be observed in most cases as a function
of temperature, pressure, or small chemical changes.
More exotic conductivity is also found, most notably,
superconductivity in copper oxides® and the ferromag-
netic metallic state in manganese oxide perovskites
associated with colossal magnetoresistances.*

Relationships between composition, structure, and
properties of ATO3 perovskites (Figure 1) are usually
parametrized using the formal oxidation state of the
transition metal and the tolerance factor. The oxidation
state describes the number of electrons available to fill
the energy bands and the tolerance factor, which is
defined later, parametrizes structural effects due to the
average sizes of the A site and T cations. However, the
recent explosion of interest in the manganite perovskites
has shown that these two parameters are not enough
and that different AMNnO3; samples with the same doping
level and tolerance factors can have quite different
metal—insulator transition temperatures. This infor-
mation has led us to consider a third factor that has
generally been neglected in this field; that is, the effects
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Figure 1. The ideal cubic ATO; perovskite structure showing
the network of corner-sharing TOg octahedra and the four A
cations surrounding a given oxygen atom (marked ‘X’).

of disorder due to the disparity or mismatch of indi-
vidual A cation radii.

Many types of disorder can be present in perovskites,
ranging from point vacancies or substitutions to ex-
tended features such as shear planes and stacking
faults. The simplest to vary and study chemically are
point substitutions, such as in (Ln;—xMy)TO3 composi-
tions (Ln = trivalent lanthanide, M = divalent Ca, Sr,
Ba), in which the TO3 network is stoichiometric and the
disorder is easily varied by changing x or substituting
other Ln or M cations. This type of disorder is also
important because it is needed to induce and tune useful
electronic properties, such as the magnetoresistive effect
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Figure 2. Variation in hole doping, mean cation radius, and
size disorder with x in a (Ln;—xMy)TOj3 perovskite.

in (La;—xSry)MnOg3 perovskites and superconductivity in
(Laz—xSrx)CuOy4, which are absent in the insulating x =
0 materials. This review will cover work carried out
during the last 2 years on a new approach to the effects
of such cation disorder mainly upon electronic transition
temperatures Te. (Te is the metal—insulator transition
temperature, T, for (Ln;—xMx)MnO3 perovskites or the
critical temperature, T, for (Ln,—xMy)CuO,4 supercon-
ductors.)

2. A Cation Substitution Effects in Perovskites

Figure 2 shows the important changes that occur in
a (Ln1—xMy)TO3 perovskite as x is altered. The first two
effects are well known. The electron (or hole) concen-
tration, equivalent to the T oxidation state, changes
linearly and is the primary cause of changes in elec-
tronic behavior because the Ln3* and M?2" ions do not
contribute to the states around the Fermi level. Insu-
lating behavior is usually found close to 0 and 1 (and
other fractional values of x such as 1/2 if charge ordering
occurs),* with more conducting, often metallic, phases
between. However, the exact details vary considerably
from one transition metal to another.

The mean A cation radius [fa[Jalso changes linearly
with x between the values for the individual cations,
for which standard values are available.> Ln3" and M2*
are assumed to behave as hard, spherical, cations. The
average size effect is usually described by the dimen-
sionless perovskite tolerance factor t:

t = ([, ro)/V2(rr + 1) (1)

where ro and rr are the radii of the oxide and transition
metal ions, respectively. Stable perovskite materials
generally lie in the range 0.8 <t < 1, with near cubic
structures (often rhombohedrally distorted) close tot =
1, and more distorted superstructures such as the
orthorhombic GdFeO3 type® at smaller t values. The
distortions usually result in bending of the T-O—-T
bridges. Both [aland rr change linearly with x (as-
suming a linear variation in T cation radius with
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oxidation state); however, t(x) is not linear and so it is
more useful here to describe the mean size effect in
terms of the average A cation radius [fall

The amount of structural disorder due to the pseudo-
random distribution of A cations with different radii (the
‘size disparity’ or ‘mismatch’ effect) also changes with
X. This disorder has not usually been studied and there
is no widely accepted quantity to parametrize the
disorder. We have used the statistical variance in the
distribution of radii, 0%(ra), written as ¢ throughout this
review. In general this variance is defined as

o=y’ = (G yin)’ ey

= [F,°0— [, (3)

The variance (also known as the second moment) is the
difference between the mean squared value and the
square of the mean and is defined for any number of
ions present by the summations in eq 2, where y; are
the proportions of each ion present (3yi = 1). When only
one type of ion is present, then ¢ = 0, and for the
mixture of two ions in (Ln;—xMy)TOs3, eq 2 reduces to

0* = X(1 = x)(An)? (4)

where Ax is the difference between the Ln3* and M2+
radii. This equation is the quadratic form shown in
Figure 2 with a maximum value of Ap%/4 for x = 0.5.

3. Experimental Studies

3.1. Correlations between Cation Size Variance
and Electronic Transition Temperatures. Section
2 shows that the electron concentration, mean cation
size (tolerance factor), and size variance of the
(Ln;—xM,)TOg3 perovskite lattice all change with x, and
there is no a priori method of estimating or separating
their contributions to the changes of the physical
property observed. However, by using mixtures of more
than two cations at the A sites it is possible in principle
to independently change the three variables. Whether
it is possible in practice depends on the sizes of available
A type cations and whether a homogeneous, oxygen
stoichiometric perovskite phase can be synthesized. A
number of recent studies have shown that it is possible
to vary the size variance while holding the mean doping
level and A cation size constant.

(i) AMNnOg3 Perovskites. There has been much recent
interest in doped lanthanide manganese oxide perov-
skites (Ln;—xM,)MnO3 because of their colossal magne-
toresistances, and fuller descriptions of these materials
are given elsewhere.*” A low-temperature ferromag-
netic metallic phase often results for x ~ 0.2—0.5 from
double exchange between localized Mn:tog® configura-
tions mediated by the mobile, spin-polarized eq4 electrons
hopping from Mn3* to Mn** ions. As the temperature
is raised, a transition to a paramagnetic insulating
(semiconducting) state occurs at Tp,.

Comparison of the magnetic and electronic phase
diagrams for different AMNnO3 systems shows that their
properties can vary substantially. For example, with
A = (La;«Sry), the onset of the ferromagnetic metallic
phase is at x = 0.15, but for A = (Pr1_4Sry), this onset is
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Table 1. A Site Compositions of a Series of
(Lno7Mo3)MnO;3 Perovskites with a Constant ka(1.23 A)
and Increasing Cation Size Variance ¢2 at Various
Resistivities pm and Temperatures Ty, at the
Resistivity Maximum?

A site composition® 0% (R?) om (Q cm) Tm (K)
Lag.70Ca0.11Sro.19 N 0.0016 1.22 x 1072 363
Lag32ProssSroso N 0.0029 1.58 x 1072 336
Lap 53SmMop.17Sro.30 0.0036 1.84 x 102 326
Pro.70Sro.23Bagor N 0.0074 1.13 x 1071 247
Ndo.70Sro.16Bao.14 N 0.0123 7.96 x 100 146
Ndo.41SmMo.29Bag.20Sro.10 0.0169 9.94 x 10t 87
Ndo.15SmMp 55Ba0.25Sr0.05 0.0207 2.32 x 102 76
Smo.70Bao 30 0.0240 6.67 x 102 113

a See Figure 3a. P Samples marked N were used in the neutron
diffraction study described in Section 3.5.

shifted to x = 0.3, and in the (Pr;—xCay) system, this
state is not observed for any x at ambient pressures.®
This marked dependence of properties on the A cations
used led to the first systematic study of size disparity
using the variance as an experimental variable in a
series of (Lngp 7Mg3)MnO3 perovskites with compositions
shown in Table 1.° These results illustrate how o2 can
be increased through the use of progressively smaller
lanthanides (La — Pr — Nd — Sm) and larger alkaline
earth cations (Ca — Sr — Ba) while keeping the doping
level (x = 0.3) and the mean size (Fa0= 1.23 A) fixed.
Resistivities and magnetization data are shown in
Figure 3. The wide range of T, values (taken from the
resistivity maxima in Figure 3a) from ~100 to 360 K in
this one series of samples shows that the transition is
very sensitive to A cation size disparity. Furthermore,
Tm decreases linearly with o2 (Figure 4) up to 0 ~ 0.015
A2 (above which the samples are inhomogeneous),
indicating that there may be a simple physical explana-
tion for this effect.

The linear correlation between T, (=Tn) and o? is
fitted as

T.=TJS—p,0° (5)

where the negative slope p; quantifies the size variance
dependence of T, and the intercept T (=T0) is an
experimental estimate of the ideal transition tempera-
ture that would be observed if cation size disorder were
not present. The experimentally fitted values of these
parameters are given in Table 2.

Another series of six (Lng7Mo.3)MnOs samples with a
larger a0= 1.26 A has subsequently been similarly
prepared.’® Their T, values (Figure 5) also show an
approximately linear variation with ¢2. The fitted
parameters (Table 2) show that p; decreases and T°
increases with [Fall

Linear correlations between T,, and ¢2 were also
found in a study of (LngsMos)MnOz phases by Damay
et al.’! Linear fits to three series with different ora0
values were reported giving the parameters shown in
Table 2. These parameters are comparable to the values
obtained for the x = 0.3 series just mentioned and again
show that p; decreases with increasing [falJ) although
Tm® was not found to change significantly between
series. The low-temperature magnetic phases (weak
ferromagnetic, ferromagnetic, and two types of charge
ordering) were found to lie within distinct regions in
the fa3-0? plane.
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Figure 3. Plots of (a) normalized resistivity, and (b) magne-
tization/field (H = 50 mT) for the (Lno 7Moo 3)MnO3 perovskites
listed in Table 1, with ¢® (x10* A2?) values labeled.
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Figure 4. Variation of metal—insulator transition tempera-
ture T, with A cation size variance o? for the (Lno7Mo3)MnO3
perovskites in Table 1, showing a linear fit to data with o? <
0.015 A2,

(i) A,CuO4 Superconductors. The dependence of the
superconducting critical temperature on o2 has recently
been investigated in series of (Ln;—xM),CuQy4 super-
conductors with the optimum doping level x = 0.075.12
Two series of homogeneous [(La,Nd)o.g25(Ca,Sr,Ba)o.o7s]2-
CuO4 compositions were prepared with a different mean
radius fafor each series. T, shows a linear decrease
with o2 in both cases (Figure 6), and the fitted param-
eters from eq 5 are presented in Table 2. As before, p1
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Table 2. Reported Parameters for (Ln;—xMyx)MnOg
Perovskites and (Ln;—xMy),CuO, Superconductors

X Tal(A) T (K)2 p1 (K A2) ref
(Ln1-xMx)MnO3 perovskites
0.3 1.230 400(5) 20 600(500) 9
0.3 1.260 466(10) 15 500(1000) 10
0.5 1.225 330(10) 29 000(2000) 11
0.5 1.231 327(10) 22 300(2000) 11
0.5 1.237 330(10) 19 000(1500) 11
(Ln1—xMy)2CuO4 superconductors

0.075 1.212 31.6° 12
0.075 1.223 35.8(2) 6 100(110) 12
0.075 1.232 40.6(4) 2 450(90) 12

aTO is the value of the electronic transition temperature
(metal—insulator for the manganites, superconductor—metal for
the cuprates) extrapolated to zero variance; see eq 5. ® This series
shows a nonlinear variation due to a systematic inhomogeneity;
T is taken to be T for the first sample, which has ¢2 ~ 0.
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Figure 5. T, versus o? plot for a series of (Lng7Mo3)MnO3
perovskites with al= 1.26 A, with a linear fit shown.
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Figure 6. Variation of superconducting critical temperature
T. with A cation size variance o¢? for series of (LNo.925Mo 075)2-
CuO, with fixed [ial= 1.212 A (open squares), 1.223 A (filled
circles), and 1.232 A (open circles). Linear fits to the latter
two series are shown.

decreases and T¢° (=T, increases with increasing [Eall

Results for a third series of four samples with a
smaller radius are also shown in Figure 6. The desired
low o2 values required Ca contents decreasing steadily
from 7.5% in the first composition to 5.3% in the fourth.
The samples were annealed under a high oxygen pres-
sure which is known to improve homogeneity for Ca-
rich compositions,’® but traces of La,CaCu,O¢ are
evident in the powder X-ray diffraction pattern of the
first sample and T, shows a systematic but nonlinear
decrease with ¢2. This result demonstrates that care
has to be taken to avoid chemical inhomogeneities that
vary systematically with ¢2, and hence mask the un-
derlying trend in T¢.

3.2. Correlations between Mean Cation Size and
Electronic Transition Temperatures. Variations of
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Figure 7. Plots of Tr, values against average A cation radius
OtaOfor reported Lng7Mo3MnO3z compositions.® lonic radii for
individual cations are shown.
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Figure 8. Plot of T, for reported (Lng.g25Mo.075)2CuO,4 materi-
als'? against average A cation radius [Fall
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Figure 9. Plot of Ty’ against [Falfor reported Lng7Mo3MnO3

perovskites showing the fit of eq 7.

electronic transition temperature T, with mean A cation
size [falor tolerance factor have often been reported,
although these have not taken the size variance effect
into account. Figures 7 and 8, respectively, show the
variations of T, for (Lng7Mo3)MnO3 perovskites® and
T for (Lnp.925Mo.075)2CuQ4 superconductors!? with [Eall

To find the inherent dependence of T, on [fal] the size
variance o2 has to be held constant. A special case is
when ¢2 = 0, giving the disorder-corrected values of T.°.
In the initial study of lattice effects on Tr, in (LNng7Mo 3)-
MnOj3 perovskites,® p; was assumed to be constant over
all radii (fal0so that each Ty, value in Figure 7 could be
extrapolated back to T,° using eq 5 by calculating o2
for the A site composition used. However, the results
in Table 2 show that this assumption was very poor.
To show the approximate [taCvariation of T\ (Figure
9), the extrapolated values from the two (Lng7Mo3)MnOg3
series in Table 2 are shown together with reported Tp,s
for six samples with very little disorder (¢?> < 0.0005
A?). These series are (Lag7-yPryCaps)MnO; (y = O,
0.175, 0.35, 0.525, 0.6)14 and (Lao_ngo,()lcaog)MnO3.15
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Figure 10. Plot of T.? against tafor optimally doped single-
CuOg-layer superconductors, with a fit of eq 7.

These series show a smooth increase with [faOthat can
be described by a quadratic function as discussed in the
next section.

The disorder-corrected T° values for (Lng.g25Mo.075)2-
CuOy4 superconductors also increase with a2 although
the range is too small to reveal the overall [fa[Jdepen-
dence. However, by assuming that A cation effects
predominate over other structural influences in deter-
mining T, then T values can be obtained from other
families of optimally doped superconductors that contain
single CuO; layers such as the A,CuQ4 materials, but
have higher values of fall In practice, this determina-
tion is very difficult because the compositions of other
more complex cuprate superconductors cannot be con-
trolled exactly. However, in the special case when the
A sites are occupied by only one type of large cation (Sr
or Ba), then the maximum observed T, from the known
single CuO, layer materials may be taken as the
approximate T.° for that A cation radius. The highest
reported T, for a single-layer material containing only
Sr2+ (ra = 1.31 A) at the A sites is 70 K, reported for
(T|,Pb)o_5Co,5Sl’2CUO5.1G T|zBa2CLIOG+(§ (TC =03 K)17 and
HgBa,CuOy4s (T. = 97 K)!8 both have only the large
Ba2t (ra = 1.47 A) cations in the A sites adjacent to the
CuO;, layers, and the latter provides an estimate of T
at this radius. Plotting these T values with those from
the three (Lng.g2sMoo75)2CuO4 series shows that the
critical temperatures of optimally doped, disorder-free,
single-layer cuprate superconductors also increase qua-
dratically with [Ba0(Figure 10).

The variations of Te shown in Figures 7 and 8 are
rather similar and can be explained on the basis that
Te increases quadratically with mean size [faCbut also
decreases with increasing size variance ¢2. The ionic
radii® of typical A site cations are 1.216—1.132 A for
Ln3* = La — Sm and 1.18, 1.31, and 1.47 A for M2+ =
Ca, Sr, and Ba, respectively, as shown in Figure 7. Low
ralvalues are usually achieved with mixtures of Ln3*
and Ca?", which have comparable radii, so that the
suppression of T, due to size disorder is small and the
inherent quadratic increase in T, (& Tc%) with ta0is
apparent up to a maximum just above r(La®"), which is
usually close to the (La,Sr) composition. Larger a0
values require increasing substitution of Ca2*/Sr2* by
Ba?*, which is very much larger than the Ln3* cations,
so that an increasing size variance (¢2) tends to reduce
Te and the increase in [alltends to increase it. Hence,
Te is approximately constant at large faObecause of
these opposing effects.

Superconductivity is also observed in doped bismuth
oxide perovskites, and the difference between the critical

Chem. Mater., Vol. 10, No. 11, 1998 3243

(@) (&)

(d)

ral-o

rl+o

A

Figure 11. Hard sphere model for local oxygen displacements
in ATO; perovskites. The ideal oxygen environment with A
cations of radii ra° is shown schematically in (a) (with displace-
ment directions defined) and as spherical ions in (b) with only
one of the two pairs of A cations displayed for clarity. Cation
size disorder in (c) gives rise to an oxygen displacement Q =
o, and a reduction in the A site radius in (d) leads to the
displacement Q = ra® — ra.

temperatures of (Ba,K)BiO3 (T, = 30 K) and the recently
reported (Sr,K)BiO3 (T, = 12 K)!? is also consistent with
the smaller [®a0and larger ¢2 of the latter material
(ra(Kt) = 1.55 A).

3.3. A Simple Model for Lattice Effects. The
experimental results just presented indicate that the
metal—insulator transition temperature in manganite
perovskites and the superconducting critical tempera-
ture of single-layer cuprates both show a linear depen-
dence on A cation size disorder ¢? at constant radius
(ta[land a quadratic [Fa(dependence at constant ¢? (=0).
These two variations can be reconciled using a simple
phenomenological model in which the changes in T, or
T, are attributed to oxygen atom displacements. An
ideal cubic ATO3; perovskite structure has A cation
radius ra?, defined as giving a tolerance factor t =1 in
eq 1. Each oxygen atom is coordinated octahedrally by
two T cations and four A cations, with a linear T-O—T
bridge (Figure 11a and b). Size mismatch due to one
pair of A cations is represented by the large (radius ra°
+ v) and small (radius ra® — v) cations (Figure 11c). For
this distribution, v = ¢ (0 = Jo? is the standard
deviation in the A cation size distribution) and the
displacement of the oxygen atom in a hard sphere model
is thus Q = ¢. If the two A cations have the same size
ra = ra’ — v (Figure 11d), then analogous oxygen
displacements of magnitude Q = v = ra? — ra occur
because of the reduction in average size.

Experimentally, at constant [fal] the electronic transi-
tion temperatures Te have been found to vary as shown
in eq 5, so, by analogy, at constant ¢2, the model just
presented suggests that the size dependence should be

Te = Te* - pz(rAO - ETAUZ (6)

where T¢* is the transition temperature extrapolated
to tad= ra% and the coefficient p; is analogous to p;.
This function has been used to fit the T,° and T° data
in Figures 9 and 10. The same T,° data from Figure 9
are plotted against (ra® — fa? in Figure 12, demon-
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Figure 12. Plot of disorder corrected T° for Lng7Mo3MnO3
perovskites from Figure 9 against (ra® — [Ea0?, showing the
linear fit of eq 7.

strating the linear correlation. Here, ra°=1.30 A from
the perovskite tolerance factor relation, and the fitted
parameters are Tn,* = 540(15) K and p, = 32 300(1500)
K. In this case, Tn* is an estimate of the maximum
metal-insulator transition temperature T,,™ for an ideal
(Lno.7Mo.3)MnO3 perovskite in which all the cations have
the ideal radius ra. The coefficient p; is of comparable
magnitude to the p; values for manganites in Table 2,
supporting the analogy between mean size and size
mismatch in this simple model. It is also notable that
the minimum [¥aOvalue at which the ferromagnetic
metallic state is observed in (Lng7Mp 3)MnO3 perovskites
corresponds to (ra® — AR ~ 0.014 A2, which essentially
coincides with the upper value of 02 (0.015 A2) at which
homogeneous samples were found in the reported study?®
(compare Figures 4 and 12). This similarity suggests a
close analogy between the mean size and size disparity
effects on the stability limit of the ferromagnetic con-
ducting phase.

3.4. Effects of Cation Size Variance on Other
Physical Properties. The studies just presented have
concentrated on establishing links between electronic
transition temperatures and A cation size or disorder,
but some relationships between the latter quantities
and the physical properties of interest have also been
observed.

The ferromagnetic metal-to-paramagnetic insulator
transition in (Ln;—xMy)MnO3 perovskites is associated
with large negative magnetoresistances, quantified by
the ratio of resistivities in zero and applied fields, p(0)/
p(B), which has a maximum value Rg at a temperature
close to T,. The magnitude of Rg increases greatly as
Tm is shifted to lower temperatures, from values of 1—2
at room temperature up to Rst values of ~10° at
temperatures of ~100 K, and so is increased by
increasing o2 or decreasing fa[as these both reduce T,
according to egs 5 and 6. It was noted® that reported
data for (Lno7Mo3)MnO3 phases having similar Tps
show that Rg is suppressed by increasing A site disorder
02. For example, Prg7Srg.05Ca0.25MN03 (02 = 0.0008 A2)
has Rst = 250 000 at 85 K,2° whereas LapgsYo1Caos-
MnOs (02 = 0.0022 A2) has Rst = 40 at 120 K.15
Similarly, Lags525Prg.175Cag sMnO3 (0'2 = 0.0003 AZ) has
Rst = 10 at 210 K, whereas Ndo7Sro3sMnO;z (02 =
0.0044 A2) has Rgr = 1.5 at 195 K.2L

The exact size matching of Pr3* and Ca?" (both with
r =1.18 A) results in negligible size variance (02 < 1076
A2?) throughout the Pr;_,Ca,MnOj3 system, which en-
ables a variety of charge- and spin-ordered states to be
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observed.?2 These phases are nonmetallic because of the
small Al although a transition to the ferromagnetic
metallic state in Prg7Cag3MnO3z can be induced by
applied pressure,?® magnetic fields (resulting in very
large magnetoresistances),?223 or chemical substitutions
with La or Sr.141® Sundaresan et al. have shown that
in the latter case, increasing the A site size disorder is
sufficient to induce the ferromagnetic conducting state.?*
A study of LnpsMpsMnOg3 perovskites also shows that
charge-ordering transitions are sensitive to 2.1

In the study by alternating current (ac) susceptom-
etry!? of powdered (Lng.gz2sMo.075)2CuQ,4 samples with
fixed a0= 1.223 A, it was found that both T. (Figure
6) and the diamagnetic volume fraction fell with in-
creasing A site disorder, from 20% of perfect diamag-
netism at ¢2 = 0.0006 A2 to zero at ¢2 = 0.0035 A,
Furthermore, for samples with ¢? above this limit, no
superconducting transition was observed. This result
suggests that the penetration depth for superconductiv-
ity decreases systematically with increasing o2.

3.5. Structural Effects of Cation Size Variance.
The only study carried out so far on a series of materials
with constant doping level and mean A cation size [fall
but variable ¢2 has been performed on four of the
samples listed in Table 1, which show a linear decrease
of T with ¢2.2526 These samples have been studied by
time-of-flight powder neutron diffraction at 4 K to
minimize thermal effects. The crystal structures were
Rietveld-refined from data covering a wide d spacing
range, enabling the atomic displacement factors (‘tem-
perature factors’) to be refined accurately. Some of the
results of the refinements are shown in Table 3 and
Figure 13. These structures have the GdFeOs-type
orthorhombic superstructure of the ideal cubic perovs-
kite lattice. Small changes in the cell parameters and
mean Mn—O distances and Mn—O—Mn angles with ¢?2
are evidenced, but much larger changes in disordered
local structure also occur as described later. The refined
Mn magnetic moments are close to the ideal value of
3.7 ug and show no significant variation with ¢2, which
rules out an increasing spin disorder as the cause of the
decrease of T, across the series.

This study enables the disordered displacements of
the oxygen atoms around their mean positions to be
compared with those predicted by the simple model in
Figure 11. In the orthorhombic superstructure adopted
by these four perovskites there are two crystallographi-
cally distinct oxygen atoms. Anisotropic refinement of
their atomic displacement factors gave the principal
mean squared displacements u; in the three perpen-
dicular directions defined in Figure 11a. The u; values
contain contributions from thermal vibrations (phonons)
and static disorder of the atoms around their mean
positions, which are generally not additive quantities.
However, the approximately linear increases in the u;
components with o2 in Figure 13 show that at 4 K the
increase in u; is due mainly to increasing static disorder
resulting from the size mismatch at the neighboring A
cation sites. The change Au; = uj(6?) — uj(6? = 0) is
thus an experimental measure of the mean-squared
displacements due to cation size disparity Q%[ as
shown in Figure 11.

The simple model in Figure 11 shows that in an ideal
cubic perovskite with mean A cation radius ra° cation
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Table 3. A Site Compositions with ¢2 Values and Parameters from 4 K Powder Neutron Refinements for
AMNO3; Perovskites?

mean mean
A site composition o2 (A2) a(A) b (A) ¢ (A) V (A3) Unin (uB) Mn—-0 (A)  Mn—0O—Mn (deg)
Lao.70Ca0.11Sr0.19 0.0016  5.4586(1)  7.7146(2)  5.5005(1)  231.63(1) 3.55(1) 1.954 163.3
Lao32Pro.3sSro.30 0.0029  5.4544(1)  7.7067(2)  5.4953(1)  231.00(1) 3.61(1) 1.954 162.7
Pro.70Sr0.23Ba0.07 0.0074  5.4602(2)  7.7102(2)  5.4852(2)  230.92(2) 3.55(1) 1.957 161.3
Ndo.70Sr0.16Ba0.14 0.0123  5.4680(2)  7.7263(3)  5.4800(2)  231.52(1) 3.56(1) 1.961 160.7
a See also Table 1.
0.025 T r nation for the increase in the coefficient p; with de-
0020 @ I k cn_’easing rall(see Ta_ble 2_). If as di_scussed later these
L. u, displacements are primarily responsible for the decrease
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Figure 13. Variation of the principal mean squared oxygen
displacements in the directions shown in Figure 11a for the 4
K orthorhombic Lng7Mg3MnOg3 structures (Table 1) with A site
disorder at (a) the O(1) site (0.49, 1/4, 0.05), and (b) the O(2)
site (0.27, 0.03, —0.27).

Table 4. Rates of Increase in the Three Principal Mean
Squared Oxygen Displacements with A Cation Size
Variance at 4 K for the Two Oxygen Sites in the
Orthorhombic (Lng7Mp3)MnO3; Series?

site Auy/o? Auylo? Augz/o? [Aullo?
O(1) (x4) 0.30 0.52 1.23 0.68
0(2) (x8) 0.43 0.41 1.04 0.63
mean 0.39 0.45 1.10 0.65
predicted® 0 1 1 0.67

aWith mal= 1.23 A (Figure 13).  For [Eal= ra from the simple
model shown in Figure 11.
mismatch only gives rise to oxygen displacements
perpendicular to the Mn—O—Mn axis; that is, Q%2 =
and Q22 = Q3?2 = ¢?, giving a mean value [Q?1o? = 0.67.
These results are compared with the experimental Au;
values in Table 4. It is notable that the mean Aui/o?
values for the two oxygen sites and the overall mean of
0.65 are in excellent agreement with the predicted [Q2]
0% = 0.67 increase in mean squared oxygen displace-
ment with A site disorder. This result verifies the use
of 0?2 as a functional for the total displacive disorder of
the oxygen atoms due to A site cation size disorder in
perovskites. However, the individual Aui/o? values are
rather different from the predicted values because the
structures deviate significantly from the ideal cubic
perovskite arrangement. These values are orthorhom-
bic with a0= 1.23 A significantly below ra® = 1.30 A
so that the environment around oxygen is less sym-
metric than in Figure 11 due to bending of the T-O—T
angle to ~160°. In particular, the displacements due
to disorder parallel to the T...T direction, uj, increase
significantly with ¢2, and this result provides an expla-

that the A cation distribution is random, which is not
strictly true because neighboring cations interact with
each other through their strain fields, and local cation
ordering or microphase separation may result. Never-
theless, the experimental studies to date indicate that
o2 is a sufficient description of the cation size mismatch
for most purposes and it has the advantage of being a
standard statistical quantity that is defined for any
distribution through eq 2. Care has to be taken to
ensure that samples are homogeneous and oxygen
stoichiometric and in particular to avoid any chemical
inhomogenities that vary systematically with ¢2. It is
also preferable to avoid any systematic dependence of
o2 on individual ionic radii, which are only experimental
‘best estimates’,®> by varying the A cations used where
possible (e.g., as in Table 1).

An overall electronic phase diagram for a given
perovskite system such as AMnO3 requires three di-
mensions for the aforementioned chemical variables
plus further dimensions for physical variables (temper-
ature, pressure, magnetic field strength, etc.). Even to
determine the four-dimensional T(x, IFal) 02) phase
diagram will require very many samples. Conventional
phase diagrams such as the T—x plane for a given
(Ln1—xM,)MnO3 system provide chemically convenient
but physically arbitrary sections through this space. It
is important to recognize that at a given doping level,
all chemically possible samples lie within a restricted
ta0— o2 region as shown schematically for (Lng7Mo3)-
MnOs; in Figure 14. This region does not usually include
the ideal disorder-free perovskite (02 = 0, [Ea0= ra?),
although an experimental estimate of the properties of
this and other hypothetical structures can be obtained
by extrapolation from known phases within the acces-
sible ofa00— o2 region.

Figure 14 also illustrates some of the experimental
difficulties in preparing series of samples with fixed [fall
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Figure 14. (a) The [Ea3-0? field, also shown on a ¢? versus
(ra® — aDP plot in (b), for Lno7Mo3MnOg3 perovskites. The
decorated region contains chemically possible compositions
with the simple (La,M) combinations marked. The large point
corresponds to the hypothetical, cubic disorder free perovskite.

and variable ¢2. At large [al] approaching the maxi-
mum possible value that is always for the (La,Ba)
composition, the range of ¢? is very small with a
minimum o2 > 0, so the correlation of physical proper-
ties with o2 is difficult to establish and extrapolations
to 02 = 0 are subject to large errors. The (Lng7Mo3)-
MnOg3, Ttal= 1.26 A series (Figure 5) and (LNng.g25Mo.075)2-
CuQ,, Ea0= 1.232 A series (Figure 6), both of which
start at the smallest possible o2 value, illustrate this
problem. With medium values of [#a[)close to the (La,-
Sr) composition, samples with a wide range of ¢ and
Te values can be prepared. At small ¥al] a very wide
range of o2 is possible, but the perovskite structure is
already destabilized by the small [l which may lead
to inhomogeneity when disorder is introduced. Also the
maximum transition temperature T, is considerably
reduced at small sl leaving a narrow T, range to be
studied with increasing disorder.

Despite the problems just mentioned, results to date
(Table 2) are generally consistent and show that elec-
tronic transition temperatures decrease linearly with
o2 and the negative slope p; increases as [Fa[decreases.
Extrapolation to zero size variance yields an estimate
of the disorder-free value T2, which increases with sl
up to the maximum ra° value for a simple ATO;
perovskite. The analogous dependence of T, on [Fallat
constant ¢2 has not yet been thoroughly investigated,
and will again be limited by the shape of the ItaG3-0?
space already discussed. However, the analogy de-
scribed previously leads to a quadratic function (eq 6)
which is supported by data for the special case of T¢°
versus [Fallin two cases (Figures 9 and 10).

Combining egs 5 and 6 gives a general expression for
lattice effects on an electronic transition at a constant
doping level, where T, is the maximum transition
temperature for the ideal, disorder-free cubic composi-
tion

T. =T, — py(@00° — p()(r° — B\ (7)
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The dependences of p; and p; on Faland o2, respec-
tively, are not yet known. From this equation, it can
be seen that in a given (Ln;—xMy)TO3 system (Figure 2)
in which the doping level (n = x) is also varying, changes
in all of these quantities contribute to the observed T,
variation.

4.2. The Origin of the Lattice Effects. Mean A
cation size and size disparity are not necessarily equiva-
lent; for example, they affect the magnetoresistance
properties of AMnOg3; perovskites differently, but the
results just reviewed show that they both suppress the
metal—insulator transition temperature in AMnOg; per-
ovskites and the critical temperature in A,CuQOy4 in
similar ways. To a good approximation, these electronic
transition temperatures decrease quadratically with
lattice displacements of the oxygen atoms due to A
cation mismatch or to a reduction in the mean A cation
radius from the ideal value. The observation of this
effect in both classes of material show that it is not
specific to the physics of double exchange or the super-
conducting mechanism, but is a more general phenom-
enon. Two types of explanation can be advanced, either
the strength of the electronic interaction is reduced by
the lattice displacements or there is a lattice strain
contribution to the transition energy in addition to the
electronic term.

The first of these types of explanation has been widely
used to account for A cation size (tolerance factor) effects
on transition temperatures in perovskites. The strength
of the electronic interaction is characterized by a hop-
ping energy, transfer integral, bandwidth, or some other
energy parameter. This depends on the mutual overlap
of transition metal d orbitals with oxygen p orbitals and
so is reduced by changes in T—O bond lengths and in
particular T—O—T angles. This approach is qualita-
tively successful because decreases in Te within series
of related compositions are generally found to correlate
with increased bending of the T—O—T bridges. A more
sophisticated treatment also involving changes in the
T—O distances has been reported for the (Lng7Mo3)-
MnO3 perovskites, giving a good correlation with T,,%”
although small changes in bandwidth (~3%) are re-
quired to explain a large decreases of T, from 350 to
100 K.

However, it is difficult to account for the close analogy
between the effects of cation size and disorder on Te in
an electronic picture. In the usual band description of
metal—insulator transitions,?® increasing (ra® — EaDP?
results in a Mott—Hubbard-type transition through the
reduction of the bandwidth to below the Hubbard U
energy. However, increasing disorder through o2 leads
to an increase in bandwidth but with an increasing
proportion of localized states at the extremities of the
band above the upper and below the lower of the two
mobility edges. An Anderson-type metal-to-insulator
transition occurs when one of the mobility edges crosses
the Fermi level as disorder increases. Why these
transitions should both lead to analogous quadratic
dependences with lattice displacement and whether any
rationale can be extended to the superconducting tran-
sition in copper oxides is not clear in an electronic
picture.

The alternative type of explanation for the observed
lattice effects involves their associated strain energies
by assuming that a small structural distortion occurs
at Te in transition-metal perovskites. Both metal—
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insulator and superconductor—metal transitions redis-
tribute the energies and momenta of electrons in bands
of d-orbital character. These influence the T—0O bond-
ing, in particular when the Fermi level lies within a
band derived from the strongly o-antibonding T:eg
orbitals, as is the case in both the manganite perovskites
and the cuprate superconductors.

At a given doping level, the maximum electronic
transition temperature T.™ occurs for the ideal undis-
torted perovskite structure with all A cations having
radius ra%. Writing Te™ = AH"/AS,™ where AH™ and
AS™ are respectively the transition enthalpy and
entropy,?® then if a small structural distortion occurs
at the transition, AH.™ may be written as

AH.™ = AH.™ + (NK/2)[@,,°0 (8)

where the strain term contains the number N (=6) of
T—O bonds per T atom, [@y20is the mean squared
oxygen displacement occurring at the transition, K is
the mean T—O force constant for the distortion, and
AH™ contains the electronic and any other lattice (e.g.,
phonon) contributions.

If additional oxygen displacements Qg in the same
direction as Qm (or having the same irreproducible
representation when considering symmetry-coupled dis-
placements) are introduced by some A cations having
nonideal radii (ra #= ra%), then the transition enthalpy
becomes

AH, = AH,™ + (NK/2)(Q,,°0— [@Q,°D
= AH,™ — (NK/2)[Q,*0] (9)
Hence,
T, =T, — (NK/2AS,") @0 (10)

assuming that AH.™ and AS.™ are relatively insensitive
to the additional oxygen displacements. Following the
simple hard sphere description in Section 3.3 and Figure
11, each local oxygen displacement due to one of the pair
of neighboring A cations has the magnitude Qg < (ra°
— ra). This result enables [Q42to be expanded:

[QdZD: CEGFAO - rA)ZD

= C{[ry’ — rp)°0— " — raB] +
o> — raf} (11)

= C[o” + (ra’ — 1\ 0] (12)

where C is a constant in the range 0 < C < 2 (the upper
value of 2 arises from the two pairs of A cations in
perpendicular planes; see Figure 1). Thus, from eq 10,
eq 13 can be written

T, =T, — (CNK2AS,M[0* + (r,° — 0] (13)

This relationship accounts for the form of eq 7. Equa-
tion 11 separates [Qq?0into incoherent and coherent
terms showing that the 02 and (ra® — [ta)? dependences
of T, are respectively due to incoherent and coherent
strain contributions to the overall transition enthalpy.
The strain coefficients p; and p, both have magnitude
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CNK/2AS™ in this simplest approximation. The pa-
rameter C is a measure of how efficiently the A cations
produce oxygen displacements Qg with the same sym-
metry as the distortion occurring at the electronic
transition. It is not easily estimated from first prin-
ciples, but a variation of C with [fa[can account for the
(fal0dependence of p; in Table 1.

For the (Ln;—xMy)MnOg3 perovskites there is clear
evidence for a structural discontinuity at the metal—
insulator transition. In particular, a pronounced dis-
continuity in u;, the mean squared oxygen displacement
parallel to the Mn—O bonds in Figure 13 is observed.26:30
This displacement, unlike the perpendicular compo-
nents u, and us, moves the oxygen atom closer to one
neighboring Mn than another, as is found in the
cooperatively Jahn—Teller distorted parent compound
LaMnO3.3t The changes in (Ln;—xM,)MnO3 at T, are
consistent with a change from dynamic Jahn—Teller
distortions below T, to static distortions above the
transition, as predicted by polaronic models for elec-
tronic transport.3233 The static distortions are large but
are usually not long-range ordered because of the
dilution of Jahn—Teller active Mn3" with inactive Mn**.

The correlation between A cation size disorder and
Tm can be demonstrated through eq 13 for the (Lng7Mo3)-
MnOs series in Table 1. Figures 4 and 13 show that
Tm decreases linearly and u; increases linearly with ¢2.
We can then estimate p; &~ CNK/AS,,. Thereare N =6
Mn—0O bonds per Mn cation. An experimental upper
limit of C = 0.4 derives from Figure 13 because this is
the observed value of Auy/c?, although the Jahn—Teller
active proportion of the observed u; squared-displace-
ments is unknown. The parameter AS, is approxi-
mated by the dominant magnetic entropy change, AS,
~ kg In(2080+ 1) ~ 1.5kg for [30= 1.85 and the mean
Mn—O force constant is estimated to be K~ 100 Nm~1.34
These results give p; ~ 60 000 K A2, which is compa-
rable to the observed p; = 20600 K A-2 given the
approximate magnitudes of the various quantities and
the unknown proportion of Jahn—Teller active displace-
ments due to A cation size variance.

Whether a structural change occurs at the critical
transition in copper oxides superconductors is still
uncertain, but evidence for a very slight anomaly has
been found in some materials [e.g., in a recent neutron
diffraction and extended X-ray absorption fine structure
(EXAFS) study of HgBa,CuOa+5].3° The excess entropy
below the transition is only ~0.05 kg per Cu atom, and
so even a very slight structural change could still give
rise to the relatively large lattice sensitivity of T,
observed in Figures 6 and 10 through eq 13. In the
study of (Lng.g25Mo.075)2CuO4 superconductors with [Fall
= 1.223 A/12 the purely structural orthorhombic—
tetragonal change also varies with ¢?, with an average
rate of change about six times that for T.. These
comparable magnitudes also support the general case
for a similar strain-based origin for the lattice sensitivi-
ties of both the electronic and the structural transitions.

4.3. Application to Other Defects. Substitutional
defects that have been used to control lattice disorder
in all of this work are straightforward to parametrize
through the size variance. Other point defects such as
interstitials or vacancies can also be used to control the
electronic properties of perovskite compounds. For
example, cation vacancies can induce the ferromagnetic
conducting state in La;—xMn;—4O3 (‘LaMnO3+,)%¢ and
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oxygen interstitials lead to superconductivity in Lay-
Cu04+5.%7 In both cases, effects such as those in Figure
2 occur. The doping is easily found from chemical
analysis but the average lattice effect, analogous to
changing al] and the disorder are more difficult to
parametrize and study systematically. One approach
may be to compare the observed Tes with the disorder-
corrected T values obtained from the cation substitu-
tion studies just mentioned.

5. Conclusions

The electronic properties of ATO3; perovskites and
related materials are complex and vary considerably
from one transition metal to another. Despite this
variability, the electronic transition temperatures ap-
pear to have a simple dependence on oxygen displace-
ments due to changes in mean A cation size or size
mismatch that are common to at least two different
classes of material. The quadratic nature of these
correlations and the magnitudes of the changes are
consistent with a lattice strain contribution to the
transition enthalpies. The use of the A cation size
variance in addition to the mean A cation radius and
the doping level provides a set of three functionals that
can be used to classify the properties of all the perovs-
kites for a given transition metal. This approach is
recent and only a small number of studies have been
performed so far. Further work is needed to extend this
methodology to other perovskite systems and to test
further the proposed quadratic relationships.
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