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with space group Pnma and R3c, were already known,
The structural phase diagram of A12xA9xMnO3 (A 5 La, Pr, while the third, with space group Imma, is a new structural

Y, . . .; A9 5 Ca, Sr, Ba, . . .) as a function of the average allotype of A12xA9xMnO3 . This new phase is present for
A-site ionic radius krAl was determined from neutron powder large values of krAl at low temperature, and transforms
diffraction data. In addition to the well-known Pnma and R3c into the well-known R3c phase with increasing tempera-
phases, a new orthorhombic phase, with space group Imma, ture through a first-order transition.
was found for large krAl at low temperatures. Refined structural

The seven samples examined in this study wereparameters are reported for La0.7Ba0.3MnO3 at 1.6 K (Imma) and
Pr0.7Ca0.3MnO3 , La0.525Pr0.175Ca0.3MnO3 , La0.7Ca0.17Sr0.13at 293 K (R3c). The Imma R R3c phase transition was studied
MnO3 , La0.7Ca0.13Sr0.17MnO3 , La0.7Sr0.3MnO3 , La0.7Sr0.12as a function of temperature for the same La0.7Ba0.3MnO3 sam-
Ba0.18MnO3 , and La0.7Ba0.3MnO3 . The specimens wereple, and determined to be first order.  1996 Academic Press, Inc.

prepared by standard solid-state reaction in air (2). Oxygen
was found to be stoichiometric by iodometric titration as
well as from our refinements of neutron diffraction data.

Manganese oxide perovskites with the general formula Therefore, the formal valence of manganese is equal to
A12xA9xMnO3 (A 5 La, Pr, Y, . . .; A9 5 Ca, Sr, Ba, . . .) 13.3 for all these samples, corresponding to a formal Mn41

have been the subject of renewed interest, due to the giant content of 30%. Neutron powder diffraction data were
magnetoresistance (GMR) exhibited near the ferromag- collected with the D2B diffractometer of the Institute
netic (FM) ordering temperature TC (1). In fact, for values Laue–Langevin at various temperatures between 1.6 and
of the electronic doping x p 0.30, the high-temperature 300 K in the high-intensity mode, using a wavelength of
paramagnetic state is electrically insulating, whereas the 1.594 Å. Structural parameters were refined by the Riet-
low-temperature FM state is metallic. TC can be raised veld method, using the program GSAS. For each composi-
upon application of an external magnetic field, thereby tion, krAl was calculated using the tabulated values of Ref.
producing the GMR effect. Very recently it has been shown (5). All the samples examined are ferromagnetic at low
that, at a constant value of the electronic doping level x, temperatures, and those with krAl . 1.20 Å are already
TC can be tuned by changing the average radius krAl of ferromagnetic at room temperature. The sample with com-
the A-site ion (2, 3). It has also been shown that the peak position Pr0.7Ca0.3MnO3 displays a very complex magnetic
value of the magnetoresistance is higher when TC is lower, structure at low temperatures, with the existence of both
so that resistive changes of up to 11 orders of magnitude ferromagnetism and antiferromagnetism. The AFM com-
can be attained by applying a field of 5 T (2, 4). In the ponent of this structure has two propagation vectors (!s00
light of these results, we have undertaken an extensive and !s0!s), associated with two manganese sublattices (6).
study of the structural properties of A12xA9xMnO3 at con- For all the other samples, a simple ferromagnetic model
stant electronic doping (x 5 0.30), as a function of krAl. is sufficient to adequately describe the magnetic scattering.
The complete results of this study will be published else- For these samples, the relatively low resolution of the low-
where. In this letter, we describe the structural phase dia- angle data did not allow the direction of the moments to
gram of A0.7A90.3MnO3 as a function of krAl. Three phases be determined (the differences in R factors between the

various models being insignificant).were found to exist in this phase diagram. Two of them,
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cubic direction. Therefore, further analyses of the
low-temperature data in this part of the phase dia-
gram were carried out in the Imma space group.
The structural parameters for La0.7Ba0.3MnO3 at
1.6 K (Imma) and 293 K (R3c), as obtained from the
Rietveld refinements of neutron powder diffraction data,
are reported in Table 1. Selected bond distances and
angles are listed in Table 2. Hexagonal axes were used
for the R3c space group. Rietveld refinement profiles
are shown in Fig. 2.

For La0.7Ba0.3MnO3 , additional data were obtained at

TABLE 1
Refined Structural Parameters of
La0.7Ba0.3MnO3 at 1.6 and 293 KFIG. 1. Structural phase diagram of the A12xA9xMnO3 system (A 5

La, Pr; A9 5 Ca, Sr, Ba) as a function of krAl. The three crystallographic
Parameter T 5 1.6 K T 5 293 Kphase regions are represented with different shadings and separated by

thick lines. The TC and metal–insulator transition curves (from Ref. (2))
Space group Imma R3care shown as thin lines. The neutron diffraction data sets of the present
a (Å) 5.50888(8) 5.5378(1)paper are shown as symbols (squares, Pnma; triangles, R3c; diamonds,
b (Å) 7.7882(1)Imma).
c (Å) 5.53955(8) 13.5011(3)
V (Å3) 237.669(6) 358.57(2)
La/Ba

x 0 0
y 1/4 0The structural phase diagram, as determined from our
z 20.0018(4) 1/4neutron powder diffraction data, and the magnetic phase
U (Å2) 0.0030(3) 0.0092(4)

diagram replotted from Ref. (2) are shown in Fig. 1. At Mn
low krAl, the samples were orthorhombic (i.e., a ? b ? x 5 y 0 0

z 1/2 0c, a 5 b 5 c 5 908) at all temperatures. The orthorhombic
U (Å2) 0.0021(5) 0.0037(5)lattice constants are related to the simple perovskite
M(eB) 3.33(3) 2.17(4)lattice parameter ap by a P c P Ï2ap and b P 2ap .

O1
The space group symmetry was Pnma (7). With increasing x 1/2 0.4705(2)
krAl, a phase transition to a trigonal phase, with space y 1/4 0

z 0.0390(4) 1/4group symmetry R3c, occurs, both at room temperature
n 1 0.989(6)and at 1.6 K, near krAl 5 1.227 Å. Urushibara et al.
U11(Å2) 0.011(2) 0.0202(5)have evidence of a similar phase transition in a series
U22(Å2) 0.004(2) 0.0133(6)

of La12xSrxMnO3 samples (8). Our La0.7Ca0.13Sr0.17MnO3 U33(Å2) 0.015(1) 0.0121(4)
was trigonal at room temperature and orthorhombic at U12(Å2) 0 0.0067(3)

U13(Å2) 0 20.0022(3)low temperatures, and underwent a first-order phase
U23(Å2) 0 20.0044(6)transition between the two structures at p180 K. For

O2larger values of krAl, all samples were trigonal at room
x 1/4

temperature. However, the two samples with larger krAl y 0.0195(2)
had orthorhombic symmetry at 1.6 K, with a P c P z 3/4

n 0.998(9)Ï2ap and b P 2ap . The extinction rules for this low-
U11(Å2) 0.007(1)temperature orthorhombic phase are consistent with a
U22(Å2) 0.0139(7)body-centered lattice. Due to the small value of the
U33(Å2) 0.0140(7)

orthorhombic strain, it is rather difficult to determine U13(Å2) 20.0055(7)
whether other reflection conditions are present. However, x 2 2.462 2.716

Rwp 5.22% 5.44%based on Glazer’s analysis of tilt distortions in pervoskites
(9), the only orthorhombic body-centered space group

Note. Space group symmetries are Imma and R3c,with a P c P Ï2ap and b P 2ap is Imma. This space
respectively. Numbers in parentheses are statistical

group was never previously found in the AMnO3 system, errors of the last significant digit. The n values indi-
and can be derived from the ideal perovskite structure cated for the oxygen atoms are refined fractional oc-

cupancies.by a single rotation of the octahedra around the [101]
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TABLE 2
Selected Bond Distances and Angles for La0.7Ba0.3MnO3 at 1.6 and 293 K

Parameter T 5 1.6 K (Imma) T 5 293 K (R3c)

La/Ba–O (long) (Å) A–O1 [31] 2.976(3) A–O (33) 2.932(1)
A–O2a [32] 2.872(2)

A–O2a [32] 2.872(2)
La/Ba–O (medium) (Å) A–O1 [32] 2.7637(3) A–O (36) 2.76507(8)

A–O2b [32] 2.648(2)

La/Ba–O (short) (Å) A–O2b [32] 2.648(2) A–O (33) 2.606(1)
A–O1 [31] 2.564(3)

Mn–O (Å) Mn–O1 [32] 1.9590(3) Mn–O (36) 1.96166(9)
Mn–O2 [34] 1.9590(1)

O–Mn–O (8) O1–Mn–O2 89.94(8) O–Mn–O 89.623(3)

Mn–O–Mn (8) Mn–O1–Mn 167.3(1) Mn–O–Mn 170.45(6)
Mn–O2–Mn 171.10(9)

Note. The grouping of the parameters emphasizes their reciprocal relationship in the two phases. Numbers
in brackets are bond multiplicities. Numbers in parentheses are statistical errors of the last significant digit.

a Identical by symmetry.
b Identical by symmetry.

50, 100, 150, 200, and 250 K, in order to determine
the location and nature of the phase transition. The
Imma R R3c phase transition could occur continuously
only through an intermediate space group symmetry (I2/
a). However, the sample was found to be trigonal at
and above 200 K, and orthorhombic at and below 150 K,
indicating that the phase transition is first order (a narrow
monoclinic phase field between 150 and 200 K, although
not impossible, is quite unlikely). Since both Imma and
R3c are subgroups of I2/a, monoclinic axes appear to
be the best choice to describe the phase transition. The
geometric relationships between the orthorhombic and
monoclinic cells are obvious, whereas the monoclinic
unit vectors can be expressed in fractional coordinates
of the trigonal cell (hexagonal axes) as

aM 5 F2
3

,
1
3

,
1
3G ; bM 5 F2

4
3

, 2
2
3

,
1
3G ; cM 5 [0, 1, 0].

It can be easily verified that aM ' cM ; bM ' cM ; c 5
aM ` bM p 908. The monoclinic lattice parameters
aM , bM , cM , and c (unique axis: c) are related to the
orthorhombic and trigonal parameters by the formulas

aM 5 aO ; bM 5 bO ; cM 5 cO ; c 5 908 (orthorhombic)FIG. 2. Rietveld refinement profiles of neutron powder diffraction
data for La0.7Ba0.3MnO3 at 1.6 K (bottom) and 293 K (top). The plus (1)
signs are raw data. The solid line is the calculated profile. Tick marks aM 5

1
3

Ï3a2
T 1 c2

T; bM 5
1
3

Ï12a2
T 1 c2

T;
below the profile indicate the position of allowed Bragg reflections. The
background was fit as part of the refinement, but subtracted before plot-
ting. A difference curve (observed minus calculated) is plotted at the cM 5 aT ; cos c

c2
T 2 6a2

T

9aMbM
(trigonal).

bottom.
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FIG. 3. Lattice parameters (open symbols) and cell volume/f.u. (closed circles) as a function of temperature for La0.7Ba0.3MnO3 . The cell
volume/f.u. is obtained by dividing the unit cell volume by 4 and 6 for Imma and R3c (hexagonal setting), respectively. Monoclinic coordinates are
used in the plot for the R3c phase (see text). The monoclinic angle c is plotted in the inset. The vertical dashed line indicates the approximate
position of the phase transition. Solid lines are drawn as guides (corresponding parameters in the two phases are connected with dotted lines).
Error bars are smaller than the symbols.
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