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Single-phase perovskites in the solid solution series La0.7+yA0.3-yMn1-xMxO3 (with 0.00 e
x e 0.10; A ) Sr2+, M ) Cu2+, Zn2+, Sc3+, Cr3+, Co3+, and Ga3+; A ) Ba2+, M ) Cu2+, Zn2+,
and Sc3+) have been prepared via the acetic acid solutions freeze-drying method. This soft
procedure makes possible strict stoichiometric control, and the synthetic variables allow
one to maintain a constant proportion of Mn4+ (ca. 32%) in the 47 compounds prepared. In
this way, the concentration of cationic vacancies at A and B sites is practically negligible in
all cases. X-ray powder diffraction patterns corresponding to the 47 compounds have been
completely indexed with rhombohedral perovskite cells. The crystal structures have been
refined in space group Rh 3c, in the hexagonal setting, from room-temperature data. The
variation with x of a set of structural parameters (rhombohedral cell volume, rhombohedral
cell angle, and B-O and A-O bond lengths) has been considered as a function of the mean
sizes of cations at A and B sites. Manganates in these series present colossal magnetore-
sistance. The values of the critical temperature, Tc, for the paramagnetic-ferromagnetic
transition in La0.7+yA0.3-yMn1-xMxO3 exhibit three different patterns, which clearly appear
related to the mean size of cations at B sites. This fact has been interpreted by considering
the variation of the electronic contribution to Tc with the structural disorder introduced by
the presence of cations with different sizes at B sites.

Introduction

Interest in doped rare-earth manganates has been on
the rise in recent years because of the discovery of
colossal magnetoresistance (CMR) in Ln1-xAxMnO3(δ
(Ln ) La, Pr, Nd, and Sm; A ) Ca, Sr, and Ba)
perovskites.1 In fact, the electronic properties of these
types of oxides attracted attention long before the
observation of the associated CMR effects,2 and they
have been widely investigated for technological applica-
tions.3 After CMR discovery, the possibility of tailoring
the physical properties of these mixed-valence manga-
nates became a challenge. This has resulted in a great
deal of work intended to understand the basic aspects
of the mechanisms of interaction between manganese
ions that give rise to the observed large magnetoresis-
tance.

In light of the currently available results, CMR
appears as a multivariable intricate phenomenon whose

understanding in terms of a satisfactory model requires
further systematic investigations. A first remarkable
result was the observation of the relevance for CMR of
the mean oxidation state of the manganese ions, with
an optimum value (i.e., that leading to a maximum
value of the critical temperature for the paramagnetic-
ferromagnetic transition, Tc) close to 3.3.4 Studies on
Ln0.7A0.3MnO3 samples with such a concentration (ca.
30%) of Mn4+ also showed the existence of a certain
relationship between Tc and the structural distortion
of the perovskite structure as measured by the tolerance
factor, t, or the mean size of cations at the A sites, 〈rA〉.5
More recent studies on related Ln0.7A0.3MnO3 samples
have shown that, in perovskite series with a fixed 〈rA〉
value, Tc depends on the disorder at the A sites [as
represented by the variance of the A cationic radii
distribution, σ2(〈rA〉)].6At this point, it should be noted
that there is evidence about the dependence of the
critical temperature and phase diagram of Ln0.5A0.5-
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superconductors with 〈rA〉 and σ2(〈rA〉).6c,7,8 Other factors,
such as the electronegativity9 and the magnetic mo-
ments of ions at the A sites,10 have also been described
as influencing the electronic properties of these types
of materials. However, we have recently shown that it
is the disorder at A sites (and not the electronegativity
of cations at A sites) that determines the electronic
properties of samples in the La0.85(Na1-xKx)0.15MnO3
series.11

There is comparatively less information concerning
effects associated with the presence of different defects
in the B cationic sublattice. In some cases, mixed-
valence manganese perovskites present oxygen nons-
toichiometry, which is accommodated in the lattice as
cation vacancies.12 The study of the solid solution series
La1-xAxMnO3+δ (A ) Na, K; 0 e x e 0.15) allowed us to
show how the electronic properties of mixed-valence
manganates with a similar concentration of holes (close
to the optimum value) are controlled by the concentra-
tion of vacancies at B sites.13 The B cationic perovskite
sublattice also can be altered through Mn-site doping
by other cations, i.e., by preparing Ln1-yAyMn1-xMxO3+δ
manganates. Special attention has been payed in this
case to the influence of the substitutions on the charge-
ordered ground state (i.e., to perovskites having 50%
Mn4+).14 However, there are fewer results concerning
Mn-substituted perovskites having the optimum content
of Mn4+ (ca. 30%). Although Tc decreases after Mn sub-
stitution depending on the nature and concentration of
the dopant element, there is not yet enough data to
correlate the dependence of Tc with any fundamental
variable.15

We report here new results from a systematic study
on La0.7+yA0.3-yMn1-xMxO3 (with 0.00 e x e 0.10; A )
Sr2+, M ) Cu2+, Zn2+, Sc3+, Cr3+, Co3+, and Ga3+; A )
Ba2+, M ) Cu2+, Zn2+, and Sc3+) manganates having a
constant proportion of Mn4+ (ca. 32%). As shown below,
the size of the substitutional M defects is a key factor
regarding Tc values in this family of mixed-valence manganates. We subsequently propose a model that

allows us not only to rationalize this fact but also to
explain how the presence of vacancies at B sites of the
perovskite structure modifies Tc.

Experimental Section

Aqueous solutions of metal acetates with molar nominal
compositions La:A:Mn:M ) (1 - y):y:(1 - x):x (A ) Sr, M )
Cr, Co, Ga, Sc, Cu, and Zn; A ) Ba, M ) Sc, Cu, and Zn),
where x varies from 0.00 until 0.10 (as indicated in Table 1),
were prepared as follows. SrCO3 or BaCO3 was dissolved in a
mixture of 100 mL of glacial acetic acid and 20 mL of H2O.
Addition of La2O3 led to a suspension, which was gently heated
with stirring until a transparent solution was obtained (15
min). After cooling, Mn(CH3COO)2‚4H2O was added and
dissolved upon stirring. Then, the sources of the different metal
ions were added (solid sources were Cr(NO3)3‚9H2O or M(CH3-
COO)2‚nH2O, where M ) Co, Cu, and Zn; liquid sources were
prepared by dissolving Ga2O3 or Sc2O3 in the minimum volume
of concentrated nitric acid). Values of y were selected for each
value of x and dopant metal charge in order to have a constant
[Mn4+]/([Mn3+] + [Mn4+]) ) 0.3 ratio, according to the nominal
stoichiometry (see Table 1). The masses of the different
reagents were adjusted to give 5 g of perovskite. Droplets of
the resulting acetic acid solutions were flash frozen by projec-
tion on liquid nitrogen and then freeze-dried at a pressure of
10-4 atm. In this way, dried solid precursors were obtained as
loose powders. These precursors were heated at 750 °C (12 h,
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Table 1. Chemical Analysis for Samples of Nominal
Composition La1-yAyMn1-xMxO3

a,b

x ) 0.00 x ) 0.02 x ) 0.04 x ) 0.06 x ) 0.08 x ) 0.10

A ) Sr; M ) Cr
y 0.30 0.294 0.288 0.282 0.276 0.270
% Mn4+ 31 32 31 31 31 31
δ 0.005 0.010 0.005 0.005 0.005 0.005

A ) Sr; M ) Co
y 0.294 0.288 0.282 0.276 0.270
% Mn4+ 30 30 31 31 31
δ 0 0 0.005 0.005 0.005

A ) Sr; M ) Ga
y 0.294 0.288 0.282 0.276 0.270
% Mn4+ 31 31 33 32 34
δ 0.005 0.005 0.014 0.010 0.018

A ) Sr; M ) Cu
y 0.274 0.248 0.222 0.196 0.170
% Mn4+ 32 32 32 35 32
δ 0.010 0.010 0.010 0.023 0.010

A ) Sr; M ) Zn
y 0.274 0.248 0.222 0.196 0.170
% Mn4+ 30 31 33 32 33
δ 0 0.005 0.014 0.010 0.014

A ) Sr; M ) Sc
y 0.294 0.288 0.282 0.276 0.270
% Mn4+ 31 31 31 32 33
δ 0.005 0.005 0.005 0.010 0.014

A ) Ba; M ) Cu
y 0.30 0.274 0.248 0.222 0.196 0.170
% Mn4+ 31 31 31 33 30 32
δ 0.005 0.005 0.005 0.014 0 0.010

A ) Ba; M ) Zn
y 0.274 0.248 0.222 0.196 0.170
% Mn4+ 32 31 31 32 32
δ 0.010 0.005 0.005 0.010 0.010

A ) Ba; M ) Sc
y 0.294 0.288 0.282 0.276 0.270
% Mn4+ 31 30 31 31 32
δ 0.005 0 0.005 0.005 0.010

a Estimated errors in the Mn/La ratios are 0.01. b Estimated
error in % Mn4+, (1%.
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air flow), and the resulting samples were ground, pelletized,
and heated in air at 1150 °C for 48 h.16

Lanthanum and manganese contents were determined by
atomic absorption using a Perkin-Elmer 300 AA spectropho-
tometer. Metal ratios in a wide set of selected samples were
determined by energy-dispersive analysis of X-rays (EDAX)
on a JEOL JSM 6300 scanning electron microscope collected
by an Oxford detector, with quantification performed using
virtual standards on associated Link-Isis software. The operat-
ing voltage was 20 kV, and the energy range for analysis was
0-20 keV. Under these conditions, the lateral resolution of
the system was around 1 µm. The results indicate that there
is no significant deviation from the nominal cationic stoichi-
ometry. The mean oxidation state of manganese ions, and thus
the oxygen content, was determined by redox back-titration
of Fe(II) with potassium dichromate in HCl using a Crison
CompacT titrator. Summarized in Table 1 are the results of
these analyses.

Powder diffraction patterns were obtained with a Seifert
C-3000 θ-θ automated diffractometer, using graphite-mono-
chromated Cu KR radiation. The samples were dusted through
a sieve on the holder surface. Routine patterns for phase
identification were collected with a scanning step of 0.08° 2Θ
over the angular range 10-70° 2Θ with a collection time of 3
s/step. For Rietveld analysis, patterns were collected with a
scanning step of 0.02° 2Θ, over a wider angular range (20-
100° 2Θ), and with a longer acquisition time (greater than 10
s/step) in order to enhance statistics. X-ray data analyses were
performed using the FULLPROF program.17 Graphical rep-
resentations concerning X-ray powder diffraction patterns
were performed using the DRXWin program.18

Magnetization measurements were performed in a Quan-
tum Design superconducting quantum interference device
magnetometer in the temperature range 5-300 K at 1 T.
Isothermal magnetization measurements at 5 K were per-
formed while working with magnetic fields up to 1.0 T.
Transition temperatures (Tc) were determined by ac suscep-
tometry measurements performed using a Lake Shore Cryo-
tonics Inc. model 7000 ac susceptometer (temperature range
100-325 K, frequency 333 Hz, exciting field 1 Oe, Tc e 325
K) or by thermogravimetric experiences, carried out using a
Perkin-Elmer 7 system, with the samples under a small
magnetic field generated by a magnet (325 e Tc).19

Results

Chemical and Structural Characterization.
Freeze-drying of acetic acid solutions has already proven
to be a very versatile method for obtaining stoichiomet-
rically controlled manganate perovskites.11,13,20 Chemi-
cal analyses and EDAX results show that there is no
significant deviation from the nominal cationic stoichi-
ometry. Then, we have calculated (from the redox back-
titration results) the mean oxidation state of manganese
ions assuming that the nominal stoichiometry is pre-

served in all of the products. As pointed out in Table 1,
the manganese mean oxidation state is practically
constant along the entire series, being 3.32 ( 0.01. As
a consequence, δ (oxygen nonstoichiometry) is practi-
cally zero (δ e 0.025) in all cases, and the concentration
of vacancies at the A and B positions is negligible.

X-ray powder diffraction patterns (shown in Figure
1 for the La1-ySryMn1-xCuxO3 series) have been com-
pletely indexed in the rhombohedral perovskite-type
structure. The structures of the perovskite phases have
been refined in space group Rh 3c, in the hexagonal
setting, from room-temperature data. The initial struc-
tural model used was that of La0.95Mn0.95O3.21 The fits
were performed using a pseudo-Voigt peak-shape func-
tion. In the final runs, the usual profile parameters
(scale factors, background coefficients, zero points, half-
width, pseudo-Voigt, and asymmetry parameters for the
peak shape) and atomic positions were refined. Isotropic
thermal parameters were set at 0.3 and 0.7 Å2 for metal
and oxygen atoms, respectively, and an overall thermal
parameter was also refined. In the structural models,
La, Sr, and Ba, and Mn and M are considered to be
randomly distributed in the A and B sites, respectively,
and their occupancies were fixed to give the metal
nominal stoichiometry and the oxygen content obtained
from chemical analyses.

Magnetic Properties. We have measured hysteresis
loops M(5 K, H) with fields up to 10 kOe, after cooling
in a zero magnetic field. The knee of magnetization is
reached at 2000 Oe, above that the magnetization
changes linearly with the field. Linear extrapolation at
H ) 0 enabled us to derive the spontaneous magnetiza-
tion, MS(5 K). In all samples the observed spontaneous
magnetization is very close to the theoretical spontane-
ous magnetization.

The temperature dependence of the magnetization
was measured at a field of 10 kOe during warming runs,
at temperatures ranging from 5 to 300 K. The curves
are presented in Figure 2 for the A ) Sr, M ) Cu series.
The magnetization decreases as the temperature in-
creases. It presents an abrupt drop, which corresponds
to the transition from ferromagnetic to paramagnetic
states, only in the case of samples for which the
transition temperature is lower than 300 K.

The ferromagnetic phase transition temperatures
were determined either by means of thermogravimetric
experiences performed under a small magnetic field (Tc
g 325 K; the weight variation reflects, then, the varia-
tion of the magnetization with the temperature and
allows the determination of Tc)19 or by alternation of
susceptometry measurements (Tc e 325 K). Figure 3
shows the evolution of the normalized force with the
temperature for samples in the La1-ySryMn1-xCrxO3
series. Such curves are indicative of the accuracy of the
thermogravimetric method. These results are sum-
marized in Table 2.

Figure 4 shows the variation of Tc with x for the 47
compounds studied in this work. As can be observed,
the results referring to strontium derivatives reveal two
different types of behavior. Indeed, when M ) Cr3+,
Co3+, and Ga3+, the decrease of Tc with x is nearly linear
and relatively small (the maximum total Tc decrease,

(16) La0.7Ba0.3MnO3 and samples in the series La0.7(Ca1-xSrx)0.3MnO3
(with x ) 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0), which are used for comparison,
were obtained by using the same preparative procedure.
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Meeting on Powder Diffraction of the XV Congress of the IUCr,
Toulouse, France, 1990; p 127.

(18) Primo, V. DRXWin & CreaFit version 2.0: graphical and
analytical tools for powder XRD patterns. Powder Diffr. 1999, 14, 70.

(19) Transition temperatures for La0.7Ba0.3MnO3 and samples in the
series La0.7(Ca1-xSrx)0.3MnO3 were also obtained by thermogravimetric
experiments, except for the x ) 0.0 and 0.2 samples (which have
transition temperatures lower than 300 K). In these last cases, the
transition temperatures were determined by ac susceptibility measure-
ments. All of the experimental results concerning these compounds
are in good agreement with those previously reported in the literature
for analogous compositions (ref 5).
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J. V.; Beltrán, D.; Beltrán, A. J. Mater. Chem. 2000, 10, 437.
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B.; Zandbergen, H. W. J. Solid State Chem. 1994, 110, 100.
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19%, is observed for Co3+). In these series, the ionic radii
of the dopant cations (Cr3+, 75.5 pm; Co3+, 75 pm; Ga3+,
76 pm) are similar to the mean radius for Mn ions (75.05
pm; calculated as the weighted average value of the
ionic radii of Mn3+ and Mn4+, for a mean oxidation state

of 3.3).22 In contrast, when M ) Cu2+, Zn2+, and Sc3+,
the variation of Tc with x is not linear and becomes
significantly larger than those in the above cases (up

(22) Shannon, R. D. Acta Crystallogr. A 1976, 32, 751.

Figure 1. X-ray powder diffraction patterns of La0.7+yA0.3-yMn1-xCuxO3.
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to 52% for Zn2+). Interestingly, the ionic radii of Cu2+,
Zn2+, and Sc3+ (87, 88, and 88.5 pm, respectively) are,
in turn, significantly larger than the mean radius of Mn
ions. As might be expected, Ba derivatives behave
similarly to their Sr analogues.

Discussion

Unlike the ideal cubic structure, the rhombohedral
perovskite presents an irregular 12-coordination around
A cations and a B-O-B angle that deviates substan-
tially from 180°. Lattice effects on electronic properties

of mixed-valence manganates are particularly docu-
mented,5 and we will deal with them first. Figure 5a
shows the relationship between the rhombohedral cell
volume, Vr, and the composition, x, for the Ba and Sr
derivatives in the La1-yAyMn1-xMxO3 series. Vr values
fit in well with five different curves, which correspond
(from bottom to top) to the following series: (1) A ) Sr
and M ) Cr, Co, and Ga; (2) A ) Sr and M ) Cu and
Zn; (3) A ) Sr and M ) Sc; (4) A ) Ba and M ) Cu and
Zn; (5) A ) Ba and M ) Sc. In the first case (curve 1),
Vr remains practically constant with x, as expected from
the similarity among the ionic radii of the dopant
cations and the mean radius of the Mn ions and taking

Figure 2. Thermal variation of the reduced magnetization,
M(H, T)/M(H, 0 K) for La0.7+yA0.3-yMn1-xCuxO3 (H ) 10 kOe;
b, O, [, ×, ], and + correspond to data for x ) 0.00, 0.02,
0.04, 0.06, 0.08, and 0.10, respectively).

Figure 3. Thermal variation of the normalized force for
La0.7+yA0.3-yMn1-xCrxO3 (except the x ) 0.10 sample). Values
of weight gains below Tc are typically in the 2-4% range. Such
a dispersion can be attributed to differences in the sample
geometries. Then, the experimental values have been normal-
ized to facilitate the comparison. O, b, 0, ×, and box with +
correspond to data for x ) 0.00, 0.02, 0.04, 0.06, and 0.08,
respectively.

Table 2. Observed Tc (K) for La1-yAyMn1-xMxO3

x )

M 0.00 0.02 0.04 0.06 0.08 0.10

A ) Sr
Cr 372 363 351 340 327 316
Co 355 345 331 312 300
Ga 360 342 329 320 310
Cu 358 331 308 274 236
Zn 350 326 284 233 179
Sc 343 314 280 240 195

A ) Ba
Cu 330 318 296 260 221 183
Zn 324 286 227 186 162
Sc 296 258 216 184 168

Figure 4. Tc values versus concentration of substitutional
defects at the B sites, x, for the La0.7+yA0.3-yMn1-xMxO3 series
(A ) Sr, +, box with +, ×, 2, b, and 9 correspond to Cr, Ga,
Co, Cu, Sc, and Zn series, respectively; A ) Ba, ∆, O, and 0
correspond to Cu, Sc, and Zn series, respectively; solid lines
are guides for the eye).

Figure 5. (a) Rhombohedral cell volume, Vr, and (b) rhom-
bohedral cell angle, Rr, versus composition for La0.7+yA0.3-y-
Mn1-xMxO3. Data symbols are as in Figure 4. Solid lines are
guides for the eye.

692 Chem. Mater., Vol. 14, No. 2, 2002 El-Fadli et al.



into account the small variation of y along these series
(Table 1). In the series in which A ) Sr and M ) Cu,
Zn, and Sc, Vr increases with x (curves 2 and 3). This is
reasonable in light of the relatively large size of the
dopant cations with respect to the Mn ions. The fact that
Vr values adjust to two different curves must be at-
tributed to the different variation of y (which depends
on the charge of the substitutional cation) between the
Cu and Zn series and the Sc series (Table 1), taking into
account that, although similar, rLa < rSr. According to
this simple reasoning, it can be expected that Vr
increases with x more quickly in the Sc series (curve 3)
than it does in the Cu and Zn series (curve 2), as is
observed. This same reasoning could explain the obser-
vation of different behaviors between the A ) Ba and
M ) Cu and Zn series (curve 4) and the A ) Ba and M
) Sc series (curve 5). On the other hand, the great
difference between the ionic radii of La3+ and Ba2+

allows one to understand that Vr varies smoothly along
the Cu and Zn series.

Figure 5b shows the variation of the rhombohedral
angle, Rr, with x. Departure of Rr from 60° is a measure
of the rhombohedral distortion with respect to the ideal
cubic structure. Five different behaviors (as represented
by different plots) are again observed, and these cor-
respond to the same series as that in the case of Vr. In
fact, as the results suggest, there are the same factors
influencing Vr (i.e., relative size of the cations at the A
and B sites with respect to the sizes of La3+and Mn ions;
variation of y with the charge of the substitutional
cations at Mn sites) which must affect the structural
distortion. Let us argue in terms of the tolerance factor,
t,

where dA-O and dB-O are the A-O and B-O bond
lengths, with departure of t from unity being a measure
of the structural distortion with respective to the ideal
perovskite. First, taking into account the sizes of the
involved ions, it can be expected that Sr-containing
derivatives display higher structural distortions than
those of Ba for an analogous content in a given substi-
tutional M cation. On the other hand, the variation of y
(Table 1) is significantly higher in the case of substitu-
tional M divalent cations (Cu and Zn) than in the case
of trivalent ones (Sc, Cr, Co, and Ga). Therefore, in both
Sr and Ba families, t must decrease with x more quickly
for the Cu and Zn series. Finally, it is true that the
variation of y is the same along all of the Sr-containing
series that include trivalent substitutional cations (Cr,
Co, Ga, and Sc). However, Sc ions are significantly
greater than Cr, Co, and Ga ions. Thereby, it seems
reasonable that the increase of Rr in the Sc series is
found to be larger than that in the Cr, Co, and Ga series.

Parts a and b of Figure 6 show the dependence of dB-O
and dA-O, respectively, on x. Interestingly, the dB-O
value sets fit in well with only three different curves.
These correspond to the following series: (1) A ) Sr and
M ) Cr, Co, and Ga; (2) A ) Sr and M ) Cu, Zn, and
Sc; (3) A ) Ba and M ) Cu, Zn, and Sc. Without
prejudice from the expected dB-O differences between
the Sr and Ba derivatives, it seems evident that the
different sizes of the substitutional cations at B sites
determine the observed behavior. In contrast, five

different curves are required to adjust the experimental
dA-O values. In short, it can be concluded that there is
the mean size of cations at the B sites which determines
the B-O bond length values, whereas the A-O bond
lengths depend on the mean sizes of cations at both the
A and B sites.

We can now return to the above observations about
the dependence of Tc on x. Dealing with Sr derivatives,
we have noted that such dependence responds to two
different patterns. It might initially be thought that this
different behavior is due to differences in the variation
of the perovskite tolerance factor, t, as a function of the
nature of the substitutional M cation. Shown in Figure
7 is a representation of Tc vs t. As far as the sizes of Cr,
Co, and Ga ions are similar to the mean size of Mn
cations, the variation of the t values attributable to the
substitutional M cation must be small, however, along
these series. In fact, the main contribution to the slight
decrease of t with x in these series should be associated
with the coupled substitution at A sites (La3+ instead
of Sr2+). Therefore, the observed experimental variation
of Tc in these series would essentially reflect the effect
of introducing dopant atoms in the B cationic sublattice,
with this effect being modulated by the magnetic
moment of the impurity. The situation changes when
dealing with large substitutional M cations, namely, Cu,
Zn, and Sc. Now, besides the effects associated with the
B sublattice variations, an additional contribution to the
Tc decrease with x, which is associated with the con-
comitant decrease of t (because of the range of variation
of t values throughout these series), can also be ex-
pected. However, the experimental variation of Tc in the
case of the Ba-containing derivatives is clearly in

t ) dA-O/x2dB-O

Figure 6. (a) B-O bond length, dB-O, and (b) A-O bond
length, dA-O, versus composition for La0.7+yA0.3-yMn1-xMxO3.
Data symbols are as in Figure 4. Solid lines are guides for the
eye.
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contradiction to this preliminary approach. In effect, as
is evident from Figure 7, given the range of t values
corresponding to samples in the Ba series, it could be
expected a priori that the decrease of t due to the
coupled substitution would result now in a concomitant
increase of Tc. However, such a contribution to increas-
ing Tc would work against the expected Tc decrease
associated with the introduction of substitutional cat-
ions in the B sublattice. Thus, it seems reasonable that
both counterweighting effects would give rise to only a
slight variation of the Tc values. In contrast, the
experimental Tc variation along the Ba series is very
large, thus suggesting that there are other factors
controlling the dependence of Tc on x (at least in the
Cu, Zn, and Sc series).

From the above, it seems that the use of mainly
structural factors, like t, is unable to explain by itself
the described phenomenology. In practice, such an
approach could be undervaluing local effects associated
with the introduction of so differently sized impurities,
which must result in different perturbations of the
periodic potential seen by the electrons in the vicinity
of the substitutional defects. Indeed, we have explored
an alternative approach that fully assumes the rel-
evance of these local effects. It is a question of consider-
ing how the presence of these local effects affects the
electronic contribution to the transition enthalpy, ∆He,
and, therefore, the electronic contribution to the critical
temperature, Te.11

In accordance with the theoretical approach of Sheng
et al.,23 the electronic contribution to the transition
enthalpy (and, consequently, Te ≈ ∆He/∆S; ∆S ≈ ∆Sm,
where ∆Sm is the magnetic entropy) is mainly caused
by the spin dependence of the transfer integral, tij, which
can be written as tij ) b cos(θij/2), where b is the spin-
independent transfer integral and θij is the angle

between spins on neighboring Mn atoms. Within this
model, the electronic contribution to the transition
enthalpy can be approximated by

where PM and FM represent the paramagnetic and
ferromagnetic phases, respectively, EFM and EPM are the
electronic energies, DOSi(E) is the density of states in
the conduction band, and f(E-µi) is the Fermi-Dirac
distribution function with chemical potentials µi, deter-
mined from the condition of fixed hole concentration.23

The conduction band in mixed-valence manganates is
an antibonding σ* band of eg orbital parentage. In the
absence of structural disorder, the spin order is maxi-
mum in the FM phase, and the width of the conduction
band is WFM ) 12b. As the temperature increases, the
spin disorder increases slowly until Tc, and then it
increases abruptly, being maximum in the PM phase.
The width of the conduction band in the PM phase is
WPM ) 8b.24 The electronic structure in the vicinity of
the Fermi level can be schematized, for the PM and FM
phases, as shown in Figure 8a. The zero in the energy
scale is taken at the middle of the bands. Then, the band

(23) (a) Sheng, L.; Xing, D. Y.; Sheng, D. N.; Ting, C. S. Phys. Rev.
Lett. 1997, 79, 1710. (b) Sheng, L.; Xing, D. Y.; Sheng, D. N.; Ting, C.
S. Phys. Rev. B 1997, 56, 7053.

(24) Li, Q.; Zhang, J.; Bishop, A. R.; Soukoulis, C. M. Phys. Rev. B
1997, 56, 4541.

Figure 7. Tc values versus tolerance factor of the perovskite
structure, t, for the La0.7+yA0.3-yMn1-xMxO3 series (data symbols
are as in Figure 4; the solid line has been constructed from
data corresponding to the La0.7(Ca1-xSrx)0.3MnO3 series , x )
0.00, 0.20, 0.40, 0.60, 0.80, and 1.00, and the La0.7Ba0.3MnO3

sample). Tolerance factors, t, are calculated from the mean
radii of cations in A and B positions, 〈rA〉 and 〈rB〉. 〈rA〉 and 〈rB〉
values are calculated as the weighted average of crystal radii
of cations occupying A and B positions, for coordination
numbers 12 and 6, respectively; values are taken from data
reported in ref 22.

Figure 8. Densities of states (DOS) of the conduction band
in mixed-valence manganates, for temperatures below and
above Tc: (a) no structural disorder; (b) situation with struc-
tural disorder produced by substitutional defects with size
similar to the mean size of Mn ions; (c) situation with
structural disorder produced by large substitutional defects.

∆He ) EPM - EFM ≈ ∫DOSPM(E) f(E-µPM) E dE -

∫DOSFM(E) f(E-µFM) E dE (1)
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edges corresponding to the PM and FM phases are
located at (4b and (6b, respectively. The presence of
disorder will cause a fraction of the states in the
conduction band to become located beyond the original
band edges, in energy intervals defined by ([6b, 6b +
W/2] for both PM and FM phases, where W is the
disorder energy (Figure 8b). When these ideas are taken
as the starting point, it is clear that substitutional
defects in the B cationic sublattice introduce different
types of disorder, depending on the size of the substi-
tutional cations. If this last one is similar to the mean
size of Mn ions, the structural disorder introduced in
the lattice would be very low, and should be equally able
to locate electrons below the bottom of the band and
holes above the top of the band (Figure 8b). However,
the structural disorder is very high when the substitu-
tional cations have a large size compared to that of Mn.
The strong local stress produced by these defects can
be alleviated in two different ways. First, it can be
expected that MO6 octahedra rotate in association with
rotations of the neighboring octahedra. Second, the local
stress can also be alleviated by a decrease in the Mn-O
bond lengths of the Mn-O-M linkages, as far as the
Mn-O bonds of the neighboring Mn ions are under
compression. Thus, the substitutional defects introduce
a local source of internal pressure. Rotations of the
MnO6 octahedra neighboring substitutional M atoms
will modify (reduce) the Mn-O-Mn angles and, thus,
a decrease in the mean transfer integral must be
expected. However, more importantly, the decrease of
the Mn-O bond lengths in the Mn-O-M linkages
results in a preferred trapping of the holes at these
neighboring Mn positions. Thus, together with the
tendency to locate both electrons and holes beyond band
edges, because of the presence of a random distribution
of substitutional defects, this kind of disorder should
be able to locate strongly holes above the top of the band
(Figure 8c).

Let us assume that the distribution of states beyond
the band edges is independent of the ordering of the
magnetic moments and that the form of the DOS curve
inside the band edges is not substantially modified by
the disorder. Then, if y is the fraction of states located
beyond the band edges, we can write

where DOSi,D(E) and DOSi,O(E) are the densities of
states in the i phase for the disordered (D) and ordered
(O) cases, respectively, in the energy interval -6b e E
e 6b. Under this assumption, the condition

is easily derived from eq 1.
The effect of structural disorder is, therefore, to

reduce the electronic contribution, Te, to the critical
temperature, Tc. Other factors being equal, the fraction
of states located beyond the band edges will increase
as the disorder energy, and, consequently, Te decrease.
It is clear that, under these assumptions, the marked
decrease in the critical temperature in the case of large
substitutional cations has its origin in their strong
tendency to locate holes at the top of the band.

This description also provides an explanation for the
previously observed decrease in Tc as a consequence of
an increasing concentration of vacancies at B sites.13

In effect, in a Mn-O-Mn linkage, the Mn-O bond
distances are the result of the interaction of both
manganese cations with the oxygen anion. However, in
Mn-O-VMn linkages, the Mn-O distance is the result
of the interaction of only one Mn cation with the oxygen
anion and, thus, the Mn-O distance must be lower than
that in the Mn-O-Mn linkage. Therefore, neighboring
Mn cations act as trapping centers for holes, and a
decrease in Tc follows from the increase in the concen-
tration of vacancies at B sites.

Last, in the case of Mn substitutional defects, the
degree of structural disorder introduced by large sub-
stitutional cations (and, thus, the fraction of states
located at the top of the band) must be proportional to
(1) the concentration of the substitutional metal, x, and
(2) the difference between the size of the substitutional
metal and the mean size of the Mn ions (rM - rMn). If
so, it is straightforward to deduce that x(rM - rMn) )
〈rB〉 - rMn, where 〈rB〉 is the mean size of cations at the
B positions. Shown in Figure 9 is the variation of Tc

versus the degree of structural disorder introduced by
the large substitutional cations, as measured by 〈rB〉 -
rMn, for the Cu2+, Zn2+, and Sc3+ series. As can be
observed, there is a very good correlation between Tc

and (〈rB〉 - rMn). Such a result indicates that (1) the
decrease in Tc is mainly determined by the local effect
of the structural disorder introduced by large substitu-
tional cations and (2) it is poorly modulated by the
magnetic nature of the substitutional metals (Cu2+

versus Zn2+ and Sc3+) or by the different stoichiometries
of the samples (Sc3+ versus Cu2+ and Zn2+). In any case,
it is clear that this variation must include the contribu-
tion of the decrease in t associated with these substitu-
tions.

Concluding Remarks

Introduction of substitutional cations at B sites has
been one of the methods used in order to modify the
intrinsic properties of CMR La1-xAxMnO3 perovskites.
In particular, such a procedure has been explored in
order to improve the room-temperature low-field sen-
sitivity of these materials (thin films) for applications

Figure 9. Tc values versus degree of disorder, measured by
〈rB〉 - rMn (see text) for Sc, Cu, and Zn strontium series. Data
symbols are as in Figure 4.

DOSi,D(E) ) (1 - y)DOSi,O(E) i ) PM, FM (2)

Te,D ) (1 - y)Te,O (3)
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in magnetic sensors.25 We have shown how the elec-
tronic properties of mixed-valence manganates with
defects in the B cationic sublattice are controlled by the
structural disorder introduced by the local internal
pressure associated with large substitutional defects.
Our results indicate that the size of the substitutional
cations is a key parameter in the maintenance of the
critical temperature around room temperature, which
could be a guide for the adequate selection of CMR
materials.
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