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A series of 5ve Ln0.7M0.3MnO3 perovskites (Ln 5 trivalent
lanthanide; M 5 divalent alkaline earth) has been prepared.
These have the same mean A-cation site radius of 1.26 As (equiva-
lent to a perovskite tolerance factor of 0.98) but varying amounts
of A-cation size disparity quanti5ed by the size variance r2. As
this increases, the temperatures of the metal+insulator and Curie
transitions show a strong linear decrease but that of the struc-
tural transition between rhombohedral R31 c and orthorhombic
Imma phases increases. Extrapolation from these and previous
data indicates that the maximum metal+insulator temperature
for an Ln0.7M0.3MnO3 perovskite is &550 K. Di4erent methods
for estimating the Curie temperature are compared. ( 1999

Academic Press

INTRODUCTION

The complex electronic and magnetic properties observed
in doped manganese oxide perovskites of the general
formula ¸n

1~x
M

x
MnO

3
(¸n"trivalent lanthanide,

M"divalent alkaline earth cation) have attracted consider-
able interest in recent years (1, 2). Over certain ranges of
composition, these materials exhibit a paramagnetic insula-
tor to ferromagnetic metal transition as the temperature
decreases, characterised by a maximum in the electrical
resistivity, o

.
, at a temperature, ¹

.
, which is close to the

Curie temperature ¹
C
. When a magnetic "eld is applied, the

resistivity decreases and shifts to higher temperatures, pro-
ducing colossal magnetoresistances around ¹

.
(3, 4). This

phenomenon was initially explained in terms of a double-
exchange mechanism (5, 6), in which localized t3

2g states on
adjacent Mn ions interact via itinerant eg electrons due to
the mixed Mn3`/Mn4` valence states. However, this mech-
anism is insu$cient to account for the metal}insulator
transition in these perovskites, and the additional presence
of electron-localizing (polaron) e!ects due to John Teller
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distortions of the MnIIIO
6

octahedra appears to play an
important role (7, 8).

The magnetotransport properties of these materials have
been found to be dependent on external pressure (9, 10),
applied magnetic "eld (11, 12), temperature (13), the chem-
ical composition (9, 14}16). The latter includes the e!ects of
doping (Mn oxidation state) (15, 17) the average size of the
A-site (¸n3` and M2`) cations, Sr

A
T (16, 18), and the e!ect

of cation size disparity (19). The latter is quanti"ed by the
variance of the A-cation radius distribution, p2"

Sr2
A
T!Sr

A
T2, where r

A
are standard 9-coordinate ionic

radii (20) with values ranging from 1.216 to 1.132 As for
¸n"La, Sm and 1.18, 1.31, and 1.47 As for M"Ca, Sr, Ba,
respectively. It was previously shown that in a series of
¸n

0.7
M

0.3
MnO

3
perovskites with constant Sr

A
T"1.23 As ,

the transition temperature ¹
.

decreases linearly with p2

(19). This e!ect, attributed to random displacements of the
oxygen atoms due to A-site disorder, shows the strong
in#uence of local, incoherent lattice strains on the
metal}insulator transition in manganese perovskites (21,
22). In this paper, we compare the previous results with
those corresponding to a new series of ¸n

0.7
M

0.3
MnO

3
perovskites with variable p2 and a larger average radius
Sr

A
T"1.26 As . This is equivalent to a perovskite tolerance

factor of 0.98, allowing for the scaling between the 9-coordi-
nate radii used and the 12-coordination of A cations in the
ideal perovskite structure.

EXPERIMENTAL

Polycrystalline ¸n
0.7

M
0.3

MnO
3

perovskite oxides were
prepared under identical conditions by a solid state reaction
of appropriate mixtures of oxides (La

2
O

3
, Pr

6
O

11
, Nd

2
O

3
,

BaO
2
, and MnO

2
) and carbonates (SrCO

3
and CaCO

3
) in

air at 9503C for 16 h. The preheated powders were ground,
pressed into pellets, sintered at 13503C for 24 h, and quen-
ched to room temperature. The mean oxidation state of
manganese was determined by iodometric titration. The
samples were characterized by X-ray powder di!raction at
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room temperature using a STOE/STADI-P powder di!rac-
tometer with Ge(111) monochromatized CuKa

1
radiation.

The di!raction patterns were Rietveld "tted using the GSAS
program (23).

Electrical resistivity measurements on sintered polycrys-
talline bars (approximate dimensions 1.5]2]8 mm3)
were performed between 100 and 400 K by a conventional
four-probe method. Magnetizations of powdered samples
were recorded with a SQUID magnetometer (MPMS 2,
Quantum Design) as a function of temperature, M(¹ ),
under a magnetic "eld of 500 G on "eld-cooled samples,
and as a function of magnetic "eld, M(H), at several
temperatures.

RESULTS

The Mn oxidation states obtained by iodometric titration
(Table 1) show that the ¸n

0.7
M

0.3
MnO

3
compositions are

very close to being oxygen stoichiometric with no depend-
ence of the oxygen content upon p2. Powder X-ray patterns
revealed single-phase perovskites with rhombohedral R31 c
symmetry for the "rst three samples and an orthorhombic
(J2]2]J2) superstructure for the two highest p2 samples
(Fig. 1). No evidence for the coexistence of these di!erent
structural phases is observed by laboratory X-ray powder
di!raction (Fig. 2). Both Pnma and Imma orthorhombic
superstructures are known for ¸n

0.7
M

0.3
MnO

3
perovskites.

These two symmetries cannot be distinguished on the basis
of the present X-ray powder patterns, but materials with
large Sr

A
T values are known to adopt Imma symmetry (24,

25), as con"rmed by a recent neutron powder di!raction
study of Nd

0.7
Ba

0.3
MnO

3
(26) which has Sr

A
T"1.255 As

and p2"0.0198 As 2, close to the high p2 end of our
Sr

A
T"1.26 As series. These orthorhombic samples were

therefore assumed to have Imma symmetry in the Rietveld
TABL
Chemical, Structural, and Physical Data for Five

A-site: ¸n
0.7

La
0.62

Pr
0.08

La
0.57

Nd
0.13

M
0.3

Sr
0.18

Ba
0.12

Ba
0.14

Sr
0.16

p2 (As 2) 0.0075 0.0089
Mn oxidation state 3.30(6) 3.32(4)
Space group R31 c R31 c
a (As ) 5.5196(1) 5.5195(1)
b (As )
c (As ) 13.4107(2) 13.4114(2)
</Z (As 3/f.u.) 58.972(2) 58.973(2)
o
.

()-cm) 0.159 0.257
¹

.
(K) 354 337

¹
C1

(K) 336 328
¹

C2
(K) 348 338

¹
C3

(K) 365 348
k
0

(k
B
) 3.74 3.71
"ts which gave R
81

residuals of 2.7}4.0% for the "ve re"ne-
ments. The results of the re"nements, titrations, and phys-
ical measurements are reported in Table 1.

Resistivity measurements (Fig. 3) show insulator-to-
metal transitions in all the samples. o

.
increases and

¹
.

decreases as p2 increases (Table 1). Some of these com-
positions show the presence of a shoulder at lower temper-
atures which has been previously observed in other samples
with a high cation size mismatch (19, 25). Corresponding
features are not seen in the magnetization data for these
samples.

The insulator}metal transition temperature, ¹
.
, appears

very close to the Curie temperature, ¹
C
, which also shows

a strong dependence on p2. Sharp ferromagnetic transitions
are observed for compositions with low p2, but for those
with large values of p2 the transitions are much broader.
This behavioral change coincides with the structural
transition at p2+0.011 As 2. To quantify the dependence on
p2, values of ¹

C
were determined by three commonly used

methods. ¹
C1

was found from the minimum in d(M/H)/d¹
(16), and a tangent to the M (¹) curve at this point was
extrapolated to M"0, giving the second estimate ¹

C2
(as

shown in Fig. 4). In addition, variable "eld scans at several
temperatures below ¹

C
were used to determine the spontan-

eous magnetizations by extrapolating the high-"eld slopes
to H"0. In the mean "eld approximation, the temperature
dependence of the spontaneous magnetization M (¹) is
given by the self-consistent solution of

M(¹ )/M
0
"B

S
[3(M(¹)/M

0
) (S/(S#1)(¹

C
/¹ )], [1]

where B
S
is the Brillouin function for spin S"3/2. The third

estimate ¹
C3

and the saturation magnetization at zero tem-
perature, M

0
, were obtained from "ts of Eq. (1) to the

spontaneous magnetization data (Fig. 5). The M
0

values
E 1
Ln0.7M0.3MnO3 Perovskites with SrAT 5 1.26 As

La
0.70

La
0.27

Pr
0.43

La
0.48

Nd
0.22

Ca
0.11

Ba
0.19

Sr
0.10

Ba
0.20

Ba
0.23

Ca
0.07

0.0104 0.0124 0.0136
3.34(2) 3.26(4) 3.30(2)
R31 c Imma Imma
5.5228(1) 5.4940(1) 5.4979(1)

7.7621(2) 7.7688(2)
13.4256(3) 5.5319(1) 5.5324(1)
59.106(2) 58.977(3) 59.075(3)
0.744 1.00 1.96
313 269 252
305 260 243
318 292 283
332 282 277
3.70 3.63 3.69



FIG. 1. Observed and calculated power X-ray di!raction data for two
of the Sr

A
T"1.26 As manganites showing typical rhombohedral and

orthorhombic symmetries.

FIG. 2. The evolution of the splitting of the (110) X-ray di!raction
peak (indexed on the ideal cubic cell) as the symmetry changes from
rhombohedral to orthorhombic, with p2 values (]104 As 2) labeled.

FIG. 3. Resistivity measurements for the Sr
A
T"1.26 As manganite

series with p2 values (]104 As 2) labeled.
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give saturation magnetic moments per Mn ion, k
0
, close to

the theoretical value of 3.7 k
B
. These magnetic results are

shown in Table 1 and the ¹
.
's and three sets of ¹

C
1s are

plotted in Fig. 6. Fits of the linear equation

¹
X
"¹0

X
!p

1
p2 [2]

to each transition give the parameters in Table 2.

DISCUSSION

The "ve samples in this series of Sr
A
T"1.26 As

¸n
0.7

M
0.3

MnO
3

perovskites are all homogenous and have
the same Mn doping level within error. Di!erences in lattice
and physical properties result from the systematic increase
in the A-cation size mismatch which is quanti"ed by the size
variance p2. The cell volume per perovskite unit (</Z in
Table 1) does not change signi"cantly with p2, as might be
expected for samples with a "xed Sr
A
T and doping level.

However, the cell parameters and symmetry do change,
most notably from rhombohedral R31 c to orthorhombic
Imma superstructures with increasing p2. The former is
known to be the high-temperature phase (18), and so we
conclude that the structural transition temperature changes
from (300 K for p2(0.011 As 2 to '300 K above this
value. Previous studies (21, 22) have shown that the
R31 c}Pnma transition in ¸n

0.7
M

0.3
MnO

3
perovskites with

a smaller Sr
A
T"1.23 As is also strongly p2 dependent, as is

the tetragonal}orthorhombic structural transition in
¸n

1.85
M

0.15
CuO

4
superconductors (27). d¹

X
/dp2 is large

and positive (&50,000 KAs ~2) for these structural
transitions, but negative and with smaller magnitudes
(1,000}30,000 KAs ~2) for the electronic and magnetic
transitions (28).

The ferromagnetic metal-to-paramagnetic insulator
transition is observed to be very sensitive to p2, as found



FIG. 4. Magnetization/"eld measurements for the Sr
A
T"1.26 As man-

ganite series with p2 values (]104 As 2) labeled (H"0.05 T).
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in the previous Sr
A
T"1.23 As series and decreases by

&100 K over the experimental p2 range. No discontinuity
in physical properties is observed at the rhombohed-
ral}orthorhombic transition, except for a broadening of the
magnetic transition in low "elds, but a study of further
samples on either side of the transition will be needed to
con"rm this. To quantify the p2 dependence of the tran-
sition, several estimates of the temperature can be made
experimentally as described above. These all show essential-
ly linear decreases with p2, and the errors in the "tting
parameters (Table 2) re#ect the random deviations from
linearity. The metal}insulator transition temperature, ¹

.
,

obtained from the resistivity maximum shows a good linear
correlation with p2. The slope p

1
"!d¹

.
/dp2 is signi"-

cantly less than the value of 20,600 KAs ~2 found in the
Sr

A
T"1.23 As series and the intercept ¹0

.
is greater than the
FIG. 5. Spontaneous magnetization data for the "ve samples (with p2

increasing in the following order: crossed squares, diamonds, circles, tri-
angles, and open squares) showing "ts of Eq. [1].
previous 400 K value (19), showing the systematic depend-
ence of these parameters upon Sr

A
T.

The ¹
C1

estimate from the minimum in d(M/H)/d¹ is not
a correct de"nition of the Curie temperature; however, the
values correlate strongly with the ¹

.
data, being &10 K

less throughout. The ¹
C3

values obtained from "ts to the
spontaneous magnetization data also correlate strongly
with the ¹

.
values, but are systematically greater by

&15 K. Despie this, the ¹0
X

and p
1

parameters obtained
from the ¹

C1
and ¹

C3
data are within error of those from

¹
.
. ¹

C2
values were obtained by extrapolating the max-

imum slope in the low-"eld M (¹) curves to M"0. Al-
though this is a thermodynamically correct de"nition of
¹

C
in an applied "eld, and the data give an excellent linear

correlation with p2, the slope and intercept are signi"cantly
di!erent to those obtained by the other three methods. This
demonstrates that the latter method of estimating ¹

C
is less

useful for polycrystalline manganites, perhaps due to do-
main e!ects at low-"eld strengths.

¹0
.

is an experimental estimate of the metal}insulator
transition temperature at zero A-cation size variance for
a given mean radius Sr

A
T. ¹0

.
increases up to a maximum

value, ¹*
.
, when Sr

A
T has the ideal value r0

A
, giving a perov-

skite tolerance factor of 1.0. ¸n
0.7

M
0.3

MnO
3

perovskites
have r0

A
"1.30 As . It has previously been suggested (19) that

¹0
.

should vary as

¹0
.
"¹*

.
!p

2
(r0
A
!Sr

A
T)2 [3]

by analogy with Eq. [2]. (An equivalent argument is that p2

and (r0
A
!Sr

A
T)2 are respectively the incoherent and coher-

ent parts of S(r0
A
!r

A
)2T which is a measure of the total

strain on the MnO
3

network due to the A-site cations (29).)
¹*

.
was previously estimated by assuming that p

1
is con-

stant, but the results in this paper show that this is not the
case, as suggested by Damay et al. (30). To avoid this
problem, Fig. 7 shows a plot of ¹0

.
vs (r0

A
!Sr

A
T)2 using the

extrapolated ¹0
.

values from the Sr
A
T"1.23 and 1.26 As

series plus reported ¹
.
's for six samples with smaller

Sr T1s and very little disorder (p2(0.0005 As 2) (these
TABLE 2
Fitted Parameters Using Eq. [2] to Describe the Dependence

of the Metal+Insulator Transition and Three Estimates of the
Curie Temperature, As Described in the Text

Transition ¹0
X

(K) p
1

(KAs ~2)

¹
.

489(11) 17,400(1000)
¹

C1
470(18) 16,300(1600)

¹
C2

435(7) 11,300(600)
¹

C3
486(18) 15,600(1700)

A



FIG. 6. Plots of the metal}insulator transition temperature ¹
.

and the three estimates of ¹
C

vs p2 with linear "ts shown.
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are (La
0.7~y

Pr
y
Ca

0.3
)MnO

3
(y"0, 0.175, 0.35, 0.525, 0.6)

(16) and (La
0.69

Y
0.01

Ca
0.3

)MnO
3

(29)). The variation is
linear with "tted parameters ¹*

.
"555 (11) K and p

2
"

33,700(1100) KAs ~2, little di!erent from those reported
previously. Hence, the maximum metal}insulator transition
temperature that is physically possible in a 30% doped
manganite perovskite is +550 K, although the combina-
tion of A-cation size and mismatch e!ects reduces observ-
able values to (360 K for the available ¸n and M cations.
FIG. 7. Plot of zero variance ¹0
.

for ¸n
0.7

M
0.3

MnO
3

perovskites
against (r0

A
!Sr

A
T)2 showing the linear "t of Eq. (3).
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