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Abstract

The effects of the random electrostatic potential due to differences in formal charge between A site R** (lanthanide, Y), M>" (Ca,
Sr, Ba) and Th*" cations have been investigated in ferromagnetic AMnO; and superconducting A,CuQ, perovskites. Series of
samples in which the mean A site charge and the mean and variance of the A4 cation radius distribution are held constant, but the A4
site charge variance increases, show no significant changes of the electronic (Curie or superconducting) transition temperatures. The
effect of the 4 cation random potentials on electronic transitions in the 3d metal oxide perovskites are insignificant in comparison to

the lattice effects from the differing cation sizes.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The effects of disorder in crystalline electronic
conductors and superconducting materials have been
investigated theoretically and experimentally for many
years. Early free-electron theories showed that a small
randomness in periodic potential amplitudes leads to
electron trapping in localized states [1], and can lead
to an Anderson-type metal-to-insulator transition [2].
Non-magnetic random scattering does not affect con-
ventional s-wave superconductors [3], but may lead to a
strong suppression of the superconducting transition in
some recent approaches to d-wave superconductivity
in the high-T, cuprates [4].

Perovskite oxides offer many opportunities to study
the effects of random potentials in exotic conductors, as
the conducting state is often generated by chemical
doping of a parent oxide. The representative materials
that will be considered in this study are the pseudo-cubic
manganite perovskites AMnOs, e.g., Lag-Sry3MnOs;,
that have a ferromagnetic metallic ground state stabi-
lized by the double-exchange interaction [5,6], and
layered A,CuQ, cuprates, e.g., La;gsSrg5CuO, that
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are superconducting at low temperatures [7]. Many
substitutions of R** (= rare earth, Y) and M>* (= Ca,
Sr, Ba) cations are possible at the A4 sites, enabling the
influence of the A cation mixture on the physical
properties of the transition metal (7) oxide network to
be elucidated. In the simplest approximation, the A4
cations are described as hard spheres with characteristic
radii (r) and integral charges (¢). The primary electronic
control of the A cations is through the doping
concentration <{q4) — q%.(qA> is the mean A4 site
charge (¢ Ydenotes an average throughout) and ¢% (= 3
in both systems) is the charge in the undoped material.
The lattice effects of the A4 cations are traditionally
quantified by the mean A cation radius {r, ), which is
often represented through the perovskite tolerance
factor, t= ({ry> +ro)/V2(rr +ro). The electronic
transition temperatures are a sensitive measure of
changing electronic or lattice effects, and they generally
decrease as <{r,» decreases. However, recent studies
have shown that the A4 cation size mismatch is of
comparable influence, and this is conveniently quanti-
fied through the variance (second moment) of the
A cation radius distribution ¢%(ry) =<3 > —<{ra>?,
written as ¢ in previous studies [8—13].

The importance of ¢*(r4) was demonstrated by using
mixtures of several 4 cations in series of (R,_,M,)MnO;
perovskites for which the doping level (and hence {¢q,))
was fixed at x = 0.3, and the mean radius <{r ) was
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also fixed, but ¢*(r,) was varied systematically [8—11].
T, the metal-insulator transition temperature that
coincides with the ferromagnetic Curie temperature
Tc, shows a linear decrease with increasing ¢(r4), from
360 to 100K in one series [8]. A linear decrease of the
superconducting transition temperature 7, with *(r4)
in Ry gsMy15CuOy at constant {r,» was also observed
[12,13]. A strong linear increase of structural phase
transitions with ¢*(r4) was found in the latter
Ry g5My15CuQy4 series [13] and for the ferroelectric
Curie temperature in doped BaTiO; [14]. Although a
full theoretical treatment of the ¢?(r4) effects has not
been produced, an empirical approach has proposed
that ¢(r4) describes the coupling of the various
transitions to a long-range incoherent strain arising
from static structural fluctuations [15]. The correspond-
ing coherent strain arising from the A cation mixture
is then proportional to ({rs> — r%)?% together with
a*(r4) this gives a reasonably quantitative description
for the variation of T,, between many (Ro7My3)MnO;3
compositions [11].

The mixing of R*" and M>* produces a charge
disorder described by the A cation charge variance
a2(q4) = {¢%> — {q4>?*in addition to the incoherent
strain °(r4). 6*(q4) parameterizes the random electro-
static potential from the 4 cations acting on the charge
carriers in the transition metal oxide framework. When
A = (RIT.MY), 6*(q4) = x-(1—x) so the maximum
a2(q4) = 0.25is at x = 0.5. For a cubic (R} M%) TO;
perovskite with cell constant a, ~ 4 A, this corresponds
to a root mean square fluctuation of ~2.0eV in the
electrostatic potential energy of an electron at the 7 site,
due to the eight nearest A cations, which is comparable
to the 3d-band widths. In reality, the local charges will

Table 1

be reduced from the formal ionic values, however, the
remaining random A cation potential will scale as
*(44)-

To determine whether ¢%(q4) has a significant
influence on the electronic transition temperatures of
manganites and cuprates, we have prepared a series of
perovskites in which known important factors ({q,),
{ry>, and ¢*(r)) are held constant while o¢*(q,)
changes systematically. This is done by progressively
substituting R** with a 1:1 mixture of M*>" and Th*".
The radius of Th*" (1.09 A) is comparable to that of the
smaller lanthanides and Y>" (1.075A) (all radius
calculations use nine-coordinate ionic radii from [16]).
Randomization of any residual lattice effects is achieved
by varying some of the R** or M>" cations between
samples, so that any remaining trends in the measured
transition temperatures are a true reflection of the
changing °(q4).

2. Experimental

For comparison with previous experiments on ¢2(r4)
effects, 30% doped AMnO; and 15% doped A,CuOy,
compositions have been prepared as polycrystalline
powders. The manganites (Table 1) have a fixed <{r, )
= 1.255A and a*(rq) = 0.019 A? and were prepared by
solid-state reaction in air at 1500°C followed by
quenching to room temperature. The cuprates (Table 2)
have (r,> = 1.223A and 62(r4) = 0.002A2 and were
prepared by solid-state reaction in air at 1050°C, then
annealed at 400°C in flowing oxygen. The experimental
maxima of ¢*(g4) were determined by the solubility
limits of Th**, which were 7.5% in the manganites and

A cation composition, charge variance and measured properties for a series of 30% doped AMnO; perovskites with fixed <{ry) = 1.255A and

6*(r)=0.019 A2

A site composition o*(q.4) Oxygen content a(A) b (A) cA) Tc (K) 0 (K)
Pro.62Y0.08510.02Bag 25 0.21 3.00(1) 5.4953(1) 7.7623(1) 5.5122(1) 123 170
Pro 1 Ndo. 55570045 Tho 025Bao a5 0.26 3.00(2) 5.4888(2) 7.7632(2) 5.5141(1) 150 158
La0_45Y0_|5Ca0,05Sr0,05Th0_05Ba0,25 0.31 297(2) 54969(1) 77788(2) 55136(1) 130 176
Ndo 5551011 Thg 075Bag 265 0.36 2.99(1) 5.4897(1) 7.7651(2) 5.5113(1) 137 164
Table 2

A cation composition, charge variance and measured properties for a series of 15% doped 4,CuO, perovskites with fixed {r ) = 1.223A and

(rg) = 0.002A2

A site composition 0%(q.4) Oxygen content a (A) c (A) Onset T, (K) Bulk 7, (K)
Lag $50Ndo.066B20.022510.053 0.069 4.01(4) 3.7787(1) 13.2192(3) 24.3 11.1
Lag 806Gdo.028Tho.001Ba0.0195r0.058 0.071 4.04(4) 3.7792(1) 13.2189(3) 24.0 11.9
La()_xggEU()_()31Th()_()()3Ba()_()19Sr()_()59 0.074 402(4) 37819(1) 132034(4) 19.8 10.4
La()‘gngI'0.0g()Th0.005Ba0.021Sr0.05g 0.079 405(4) 37779(1) 132152(3) 27.4 25.2
Lag $76Smg 029 Thg 01Bag 017S10.068 0.089 3.98(4) 3.7790(1) 13.2176(4) 243 17.3
Lag g54Ndg.041Tho.015Ba0.0165r0.074 0.099 3.97(4) 3.7789(1) 13.2261(4) 27.8 26.2
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Fig. 1. Observed, calculated and difference X-ray diffraction data for

representative manganite samples: (a) Prge2Y0.08S10.02Bag2sMnOs,
UZ(CIA) = 0.21; (b) Ndg_55Srq.11Thg.975Bag 26sMnO3, GZ(CIA) = 0.36.
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Fig. 2. Observed, calculated and difference X-ray diffraction patterns
for representative cuprate samples: (a) (Lag.gsoNdo.0s6Ba0.022510.053)2
CuOy, 6°(q.4) = 0.069; (b) (Lag 54Ndo 041Tho 015B0.0165r0.074)2CuOs,
0%(g.4) = 0.099.

1.5% for the cuprates. Single-phase samples (by X-ray
powder diffraction, see Figs. 1 and 2) were obtained
below these limits. Although the limits of Th substitution
are small, they represent increases in ¢(q4) of 70%
for the manganites and 40% for the cuprates over the

minimum value in the first, Th-free, (R}, M2 ") composi-
tion, giving a sufficient range for any strong trends with
6%(q4) to be observed.

X-ray powder diffraction patterns were Rietveld
analyzed using the GSAS program [17] to determine
the superstructure types and extract the unit-cell
parameters (Table 1). The manganites (Fig. 1) all have
the orthorhombic v2a, x 2a, x v/2a, Imma superstruc-
ture, consistent with their position in the chemical
window for 30% doped AMnOj; perovkskites [11]. The
cuprates (Fig. 2) all have the tetragonal I4/mmm
La,CuOgy-type structure. Oxygen contents (Table 1),
measured by iodometric titrations for the manganites
and by thermogravimetry for the cuprates, did not
change significantly with ¢%(g,4). Magnetizations were
measured using a SQUID magnetometer.

3. Results and discussion
The four manganite samples exhibit sharp ferromag-

netic transitions in the magnetization/field (M/H) data
(Fig. 3(a)) at 123-150K. Tc was obtained from the
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Fig. 3. Results for the manganites listed in Table 1. (a) Molar M/H
and H/M vs temperature with 6%(g,) values labeled. Data were
measured at H = 500 Oe. (b) Plot of measured 7 (open circles), scaled
Tc (filled circles) and the c/a cell parameter ratio (crosses) against
6%(g.4). A linear fit to the scaled Tc points is shown, the other data
are connected point to point as a guide to the eye.
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minimum in d(M/H)/dT (this is not a thermodynami-
cally correct definition, but it is widely used and
provides a robust value for comparison of cubic
manganites [9]), and the Weiss constant, 6, was
estimated from a linear fit to the H/M in the
paramagnetic regime for each sample. The variation of
0 (Table 1) shows a negative correlation with 7T, which
suggests that the upper measurement temperature of
300K is not sufficiently far above T to give accurately
extrapolated 0 values. The T¢ values show no significant
trend with ¢%(g4) (Fig. 3(b)) but significant sample-to-
sample variations in Tc are observed. These did not
correlate with possible additional factors such as A4
cation masses or magnetic moments, but did correlate
strongly with the c/a ratio of unit-cell parameters, which
are also plotted in Fig. 3(b). To allow for this small
residual variation in lattice effects, the T¢’s were scaled
relative to the value of the first (¢%(¢4) = 0.21) sample
using a linear scaling between 7 and c/a. The scaled T
values (Fig. 1(b)) of 123-131 K are not significantly
different from each other and show no trend with

459

0*(q4). The experimental errors of +4K over the
experimental range of ¢%(q4) give the upper bound of
\dTC/daz(qA)\ to be 25 K. Hence, the maximum possible
suppression of the Curie temperature arising from A
cation charge disorder in a (R}S.M>")MnO; mate-
rial (at x = 0.5) is estimated as 7K. This is small
compared to the maximum 7¢ of 360K in the cubic
manganites.

The six cuprate samples all show a superconducting
transition below 30K (Fig. 4(a)) but show varying
minimum diamagnetic susceptibilities. These do not
correlate with ¢2(¢g4) and may reflect variations in grain
growth due to the different 4 cation mixtures. Onset
T.’s were taken as the onset of deviation of the measured
magnetization from zero (Fig. 4(b)), and bulk 7.’s were
estimated from the crossover of the extrapolated
maximum slope with the zero magnetization axis. The
onset T.’s show no trend with ¢%(q4), but do show
significant variations between samples. These variations
were again found to correlate with the lattice para-
meters, shown as the c/a ratio in Fig. 4(b). In particular,
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Fig. 4. Results for the cuprates listed in Table 2. (a) Temperature dependence of the magnetic susceptibility, measured on warming in a 20 Oe field
after zero field cooling, with 6*(¢,) values (x 10°) labeled (b) Plot of measured onset T (open circles), scaled onset 7, (filled circles) and the c/a
cell parameter ratio (crosses) against 6%(¢4). A linear fit to the scaled T, points is shown, the other data are connected point to point as a guide to
the eye. (c) Plot of bulk T against a*(¢q4) with a linear fit.
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outlying low values of both T, and ¢/a are found for the
third (6°(q4) = 0.074) sample. These 7, values were
scaled relative to the value for the first sample using a
linear scaling with c/a, as for the manganites. The scaled
onset 7.’s all lie in a narrow range of 24-28 K and show
no trend with ¢(¢q4). However, the bulk 7.’s (Fig. 4(c))
show a much wider dispersion and an apparent increase
in T, with ¢2(¢q4). This is unphysical and suggests that
some of the cuprate samples are inhomogeneous super-
conductors. Experiments on other samples over a wider
range of ¢%(q4) would be needed to find a possible
0*(q4) dependence in the cuprates.

The small observed variations in the transition
temperatures result from variations in lattice or chemi-
cal effects in both the manganites and cuprates, despite
the samples having the same {r,) and ¢*(r) values.
This reflects experimental uncertainties in the ionic radii
which are typically accurate to +0.005 A [16], as well as
the limits of the present approximation for parameteriz-
ing lattice effects. 62(g,4), is found to cause no significant
suppression on the transition temperatures of the
ferromagnetic manganites or the superconducting cup-
rates over the range of ¢?(q4) values found in typical
A = (R,_,.M,) compositions.

The only previous study to consider the effects of
o*(q4) was a comparison of the (Sr;_,Ca,)RuO; and
(Sr;_(NagsLags),)RuOs3 systems [18]. Although the
lattice effects from (r,> and o*(r4) are greater in
the former series, ferromagnetism is more rapidly
suppressed with x in the latter, and this was ascribed
to the large increase up to 6%(q4) = 1.0 at x = 1 present
only in the second system. The apparently greater
sensitivity of the 3d manganese and copper oxides to
lattice effects, and the smaller available ranges of 62(¢.4),
result in any charge disorder effects being unimportant
in the latter systems. It would be interesting to study
the effects of ¢2(r4) and ¢*(q4) systematically in the 4d
ruthenates for comparison with the 3d transition metal
oxides.

Both the A4 cation size and charge variances, ¢*(r)
and ¢%(q,), parameterize random fields that have length
scales of ~a, (= 41&) in conducting perovskite oxides.
This is comparable to the mean free path for electronic
conduction in manganites [19] and the coherence length
¢ in cuprate superconductors. (¢ is strongly anisotropic;
at T—0, & ~ 1A and &, ~ 14A [20]). However,
c*(r4) leads to a strong suppression of the Curie or
superconducting transition (at constant {q,», <{ry»
and ¢%(q4)) whereas no measurable suppression with
0*(q4) has been observed in this study (at constant
{quy, {ryy and a*(r4)). The conductivity or super-
conductivity results in part from strong hybridization
between T:3d, and O:2p, orbitals, which is very sensitive
to the 7-O distances and 7-O-T angles. Diffraction
studies have confirmed that local variations in both the
distances and angles increase with o%(ry) [21,22],

although the mean values also change slightly as
a*(r4) couples to the overall lattice strain.

4. Conclusions

0*(q4) describes effects from the random A cation
electrostatic potential upon the charge carriers in the
transition metal oxide framework that are independent
of the lattice effects. This study has shown that it is very
difficult to hold lattice and other chemical factors
constant between different samples to look for ¢?(q,)
effects. Fixing {r,) and ¢*(r4) produces samples with
lattice parameters that are constant to ~0.2% and show
no systematic dependence on ¢*(q,). However, these
variations are still sufficient to produce measurable
differences in the Curie temperatures of the manganites
and after an empirical scaling to correct for the residual
lattice effects, no significant dependence upon ¢2(g,) is
observed. This demonstrates that local charge variations
are very effectively screened in doped 3d metal oxides, so
that random A cation potentials have no significant
effect on the electronic transitions.
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