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Polycrystalline samples of Lny,Sri,MnO3 (Ln = La, Pr, Lag33sNdoe7, Nd, NdgsSmgs, Sm,
and Gd) and Ln;;Ca;,Mn0O; (Ln = La, Pr, LagsNdos, Nd, Sm, and Y,5Smgs) have been
prepared, and structure determinations have been carried out at room temperature using
high-resolution synchrotron X-ray powder diffraction data. The octahedral tilting distortion
increases as the average ionic radius of the Ln/A cations, [¥al) decreases. The two
crystallographically distinct Mn—O—Mn bonds [Mn—0O(eq)—Mn and Mn—0O(ax)—Mn] are
almost identical for LngsCagsMnO3; compounds, with the exception of LagsCagsMnO;. The
LapsCapsMnO3z compound and the entire LngsSrosMnOs series adopt structures where the
Mn—0O(eq)—Mn bond angle is consistently and significantly larger (2—6°) than the Mn—
O(ax)—Mn bond angle. All of the LngsCassMnO3; compounds have Pnma symmetry, whereas
across the LngsSrosMnOg; series with increasing sl an evolution from Pnma (tilt system
a“b™a”) over Imma (tilt system a~b% ") to 14/mcm (tilt system a®a’c™) symmetry is observed.
It appears that the latter two tilt systems are stabilized with respect to the rhombohedral
(R3c) a~a a" tilt system, by short-range layered ordering of A-site cations. Changes in the
octahedral tilt system at room temperature are linked to changes in the low-temperature
magnetic structure. In particular, the simultaneous onset of charge ordering and CE-type
antiferromagnetism in the LngsSrosMnO3 series appears to be closely associated with the
Imma structure. The average Mn—O bond distance is relatively constant across the entire
series, but individual Mn—0O bond distances show the presence of a cooperative Jahn—Teller
effect (orbital ordering) at room temperature in SmosCagsMnO3; and SMo 25Y0.25CagsMnNOs.

Introduction

The magnetoresistive effect describes the phenom-
enon whereby the electrical resistivity of a solid changes
upon application of a magnetic field. Interest in this
effect, first observed by Kohler in 19381 and later by
Volger in the 1950s,2 was stimulated by the observation
of large values of magnetoresistance (MR) in metallic
multilayered thin films.34 Widespread interest in the
chemistry, physics, and materials science communities
was sparked when even larger values of MR were found
in the Ln;_x/AxMnO3 perovskite system, where A is a
divalent alkaline-earth cation and Ln is a trivalent
lanthanide cation. The MR in these compounds was
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first observed in thin films,>~7 but later shown to occur
in bulk samples.8® The change in resistivity in these
compounds is so dramatic, nearly 6 orders of magnitude
in optimized samples,1° that the term colossal magne-
toresistance (CMR) was coined. Not only are magnetic
and electronic interactions intimately related, but both
effects are extremely sensitive to subtle structural
changes. This delicate interplay between magnetism,
transport properties, and structure leads to phase
transitions that can be induced by varying the temper-
ature, external pressure,'12 chemical pressure,’2~14 and
external magnetic field.1516
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Table 1. Crystallographic and Magnetic Data for LaMnO3; and CaMnOg;

compound  space group Mn—O distances (&) Mn—O—Mn angles (°) magnetic structure  Tn(K)  manganese moment (ug)
CaMnO3"2 Pnma 2 x 1.895(1) 158.6(1) G-type 110 2.6

2 x 1.900(1) 157.2(1)

2 x 1.903(1)
LaMnO373 Pnma 2 x 1.9680(3) 155.48(2) A-type 100 3.9

2 x 1.907(1) 155.11(5)

2 x 2.178(1)

The prototypical end members of the Ln;_yAxMnO3
perovskite system, LaMnO3; and CaMnOg, are both Mott
insulators. They become antiferromagnetic near 100 K,
but adopt different spin arrangements!’ (see Table 1).
The manganese ions in CaMnO3 are tetravalent with
electron configuration [Ar]3d3. The octahedral crystal
field about manganese splits the 3d orbitals into a 3-fold
degenerate tyy set of orbitals, which are weakly =
antibonding, and a 2-fold degenerate egy set, which are
strongly o antibonding.'® Consequently, the t,4 orbitals
are half filled in CaMnO3; and, due to superexchange
interactions,'® a G-type antiferromagnetic spin arrange-
ment (all nearest neighbor manganese ions coupled
antiferromagnetically)'71920 js observed. In contrast,
LaMnOgs contains trivalent manganese with electron
configuration [Ar]3d*. Due to strong Hund's rule cou-
pling, the manganese ions adopt a high spin configu-
ration tyg%est. According to the Jahn—Teller (JT) theo-
rem, a distortion of the local octahedral environment,
removing the degeneracy of the ey orbitals, is energeti-
cally favorable. This distortion is accomplished by
lengthening two of the Mn—0 bond trans to each other,
which lowers the energy of the occupied 3d,2 orbitals,
with respect to the empty 3d,2-y2 orbitals. The filled 3d,2
orbitals form a zigzag pattern in the xy plane which
leads to an expansion of the a and b unit cell dimen-
sions.17:26 Superexchange interactions stabilize an A-
type antiferromagnetic spin arrangement (ferromag-
netic layers coupled antiferromagnetically to each
other).17:19.20

The manganese eq orbitals overlap with the oxygen
2po orbitals to form o and o* bands. Because the
highest energy electrons reside in the ¢* band, which
is primarily Mn gq in character, changes in its energy
level, filling, and width can have a dramatic impact on
the magnetic and electrical transport behavior of these
materials. In CaMnQOgs, this band is empty and conse-
quently insulating behavior is observed. This band is
1/4 filled in LaMnOs (the spin-up component is 1/2
filled), but the cooperative JT distortion splits the o*
band, lowering the energy of the occupied orbitals. This
results in a localization of carriers, and thus LaMnOs;
is a semiconductor, with a band gap of approximately
0.7 eVv.2!

The physical properties and phase transitions of
Ln;—xAxMnO3 compounds are considerably more com-
plex than the end members. Because there is now a
mixture of Mn3T and Mn#**, the cooperative JT lattice
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distortions are either frustrated or must adopt new
ordered arrangements. Suppression of the cooperative
JT distortion reduces the splitting of the ¢* band and
can lead to a delocalization of the carriers. Carrier
delocalization is further enhanced by a ferromagnetic
alignment of localized tyg and itinerant ey electrons.
Such an arrangement is necessary to maintain the
Hund'’s rule coupling and allow the e4 electrons to move
freely through the lattice. The simultaneous stabiliza-
tion of ferromagnetism and metallic conductivity is
explained by the double-exchange interaction.?2=24 For
La;—xCaxMnOg3, the ferromagnetic metallic (FMM) state
exists as the ground state for 0.17 < x < 0.5.%°

There are two antiferromagnetic (AFM) states that
compete with the FMM state. The first of these is the
CE-type structure first proposed by Goodenough.2®
Localized carriers, high resistivity, long-range Mn3*/
Mn**t charge ordering, cooperative ordering of the
occupied Mn3* eq orbitals (orbital ordering), and a
complex superexchange stabilized antiferromagnetic
spin arrangement are all characteristics of the AFM-
CE state. Recent structural studies of LagsCagsMnO32”
and Ndo 5SrosMn0328 have confirmed the simultaneous
presence of charge order, orbital order, and antiferro-
magnetic order in the AFM-CE state. Because of the
1:1 ordering of Mn3*/Mn** the AFM-CE state is most
stable for doping levels near x = 0.5.

The final ground state of interest is the AFM-A type
structure, which contains ferromagnetic layers, coupled
antiferromagnetically to each other.17.192026 The oc-
cupied eg orbitals are spatially confined within the FM
layers. Traditionally, stabilization of the AFM-A type
structure has been attributed to superexchange interac-
tions within a lattice containing localized and orbitally
ordered Mn eq4 electrons.?® However, recent theoretical
calculations?® and experimental observations?® have
shown that metallic conductivity within the FM layers
can also lead to a stabilization of the AFM-A type
structure. This result is in contrast to the AFM-CE
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state, which cannot be maintained in the presence of
delocalized carrier transport. Another distinction be-
tween AFM-A and AFM-CE states is the fact that Mn3*/
Mn** charge ordering has never been observed in
conjunction with AFM-A type magnetic ordering. These
last two points suggest that, at least for doping levels
near x = 0.5, the ey electrons in the AFM-A state are
confined within the FM layers, but unlike the AFM-CE
state they are not completely localized.

The discussion up to this point has concentrated on
the highly correlated nature of the electronic and mag-
netic properties. The importance of the doping level, X,
has been alluded to in the preceding paragraphs, but
structure—property relationships have thus far been
ignored. However, it is well known that for a given
value of x, the phase transition temperatures and
physical properties can vary dramatically with changes
in the ionic radii of the Ln/A cations.111330-34 Figure 1
shows the phase diagrams for LngsSrosMnO3; and
LnosCapsMnOg3 as a function of the average radius of
the Ln/A cations, fa0= (ra + rin)/2. From this figure
one can clearly see that the phase transition behavior
and ground state identity of these materials is remark-
ably sensitive to changes in the identity and size of the
Ln/A cations. The delicate competition between FMM,
AFM-A, and AFM-CE states is also evident.

What is the origin of the extreme sensitivity these
compounds display to small changes in [fa[? The effect
is generally attributed to an increased tilting of the
MnOsg octahedra as [fal0decreases. Octahedral tilting
distortions, where the octahedra remain essentially
rigid while the Mn—O—Mn angles distort, are commonly
observed among perovskites.3®> Because they decrease
the nearest neighbor A—O distances without perturbing
the Mn—0O distances, they allow the structure to opti-
mize the largely ionic A—O bonding without diminishing
the more strongly covalent Mn—0O bonding. The rela-
tionship between octahedral tilting and the physical
properties can be understood in the following manner.
Decreasing fallleads to a decrease in the MNn—O—Mn
angles, a = 180° — w. This decrease in turn decreases
the spatial overlap of the Mn eg and O 2po orbitals, and
consequently the o* bandwidth, W, is reduced. Quan-
titatively, it has been shown that W is directly propor-
tional to cos w.3%37 Decreasing W reduces the carrier
mobility, thereby destabilizing the FMM state (notice
the rapid decrease in T¢ with decreasing falJin Figure
1), as well as decreasing the strength of the antiferro-
magnetic superexchange interactions. On the other
hand, decreasing W will encourage carrier localization,
which will stabilize orbital and charge ordering.

Although the picture just described can qualitatively
explain certain trends in Figure 1, it is too simple to
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Figure 1. Phase diagram for (a) LnosSrosMnO3z and (b) Lngs-
CaopsMnO; compositions as a function of [ta[] The open circles
represent the Curie temperature, Tc, the filled diamonds the
Néel temperature, Ty, and in part (b) the filled squares
represent the charge-ordering temperature, Tco. Phase transi-
tion temperatures were inferred from magnetization and
transport measurements reported in refs 11, 32, 42, 45, and
77—79, and magnetization measurements made on the samples
discussed in this paper (to be published at a later date).

explain many features of the phase diagram. Further-
more, there are several key assumptions implied when
physical properties are related directly to falJ First of
all, Ln/A cations are assumed to be randomly distrib-
uted and to act as a “virtual” ion with a single radius,
rall Second, the Mn—O—Mn angles are assumed to
decrease proportionally with [Ea0Jand to be isotropic.
Finally, the average Mn—O distance is presumed to be
independent of [fal] Rodriguez-Martinez and Attfield
have shown that for a constant x and [fal] T¢ is quite
sensitive to the radius mismatch of the Ln/A cations,38
whereas Fontcuberta et al. have observed that for a
given [fal)the Curie temperature is lower when A = Sr
than when A = Ca.3! Both findings are in direct
contradiction to the first assumption. However, in
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neither case was the relationship between the Ln/A
radius mismatch and the crystal structure investigated.
Radaelli et al. have studied the structures of several
Lno.7A03Mn0O3; compounds and found the second and
third assumptions to be only approximately valid.3*
Because the phase diagram for x = 0.5 is considerably
more complicated than for x = 0.3, we felt a systematic
structural study of LngsAosMnO3; compounds would
represent a significant contribution to the CMR litera-
ture. The results of this study not only examine the
validity of the aforementioned assumptions, they also
reveal a striking correlation between changes in the
octahedral tilt system at room temperature and changes
in the magnetic structure (FMM, AFM-A, and AFM-CE)
at low temperature.

Experimental Section

Samples were prepared in air from stoichiometric quantities
of SrCO3;, CaCOgs, Ln;O3 (Ln = La, Nd, Sm, Gd, Y), PrgOaa,
and MnO using conventional ceramic synthesis techniques.
La,O3 was dried at 950 °C and stored in a desiccator prior to
weighing to remove adsorbed water and CO,. Initial annealing
cycles were carried out in the 1000—1200 °C range, and final
heat treatments of 6—18 h were performed near the melting
point of each compound (1450—1510 °C, except for GdosSros-
MnOs, which had to be annealed at 1360 °C to avoid melting).
Samples were cooled in the furnace over a period of 2—4 h.

High-resolution synchrotron X-ray powder diffraction data
were collected on the X7A beamline at the National Synchro-
tron Light Source at Brookhaven National Laboratory. Mono-
chromatic radiation was obtained from a channel-cut double-
crystal Si (111) monochromator, oriented to give a wavelength
of 0.8016 A. The samples were loaded into glass capillaries
(diameter ~ 0.2 mm), which were freely rotated (1-2 Hz)
during data collection to reduce any possible preferred orienta-
tion effects. The sample density was measured when filling
the capillary and used to correct the data for absorption. A
linear position-sensitive detector (PSD)*° was employed. Data
collection times were typically 4 h per sample.

The excellent signal-to-noise ratio and resolution of the X7A
diffractometer allow the detection of sample inhomogeneities
and impurity phases at a level where they cannot be detected
using a conventional X-ray or a neutron diffractometer. Under
these stringent analysis conditions NdosSrosMnOgs, Ndg2s-
SMo.25SrosMnO3, and LngsCaogsMnOs (Ln = La, Pr, Nd, and
Sm) were found to be single phase, whereas Gdi/2Sr1,MnOs3,
SM12Sr12,Mn0s, LaysNdyaCai2,MnOs, and Y14SmysCai,MnO3
all contained trace amounts of impurity phases. The intensi-
ties of the strongest impurity reflections were typically 0.1—
0.5% of the intensity of the strongest perovskite reflection;
thus, the identification of the impurity phases was not at-
tempted. LagsSrosMnOs, Lag17Ndo33SrosMnO3, and ProsSros-
MnO3; were found to be two-phase mixtures of orthorhombic
and tetragonal perovskite structures as discussed in more
detail in the Results Section. Impurity phases were not found
to be present in the latter three samples. Structural refine-
ments were performed using the Rietveld method as imple-
mented in the GSAS software suite.*° In addition to the
absorption correction already mentioned, corrections for anoma-
lous dispersion were also made. A linear interpolation of fixed
points was used to model the background.

The oxygen content of our samples was determined iodo-
metrically. Finely powdered samples were dissolved under
ultrasound in titration flasks filled with an Ar atmosphere.
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Figure 2. Rietveld refinement results for NdosSrosMnOs. The
experimental data points are shown as dots, and the calculated
fit and difference curve are shown as solid lines. Tick marks
indicate the calculated reflection positions. A portion of the
high angle region (50° < 26 < 60°) is magnified.

Digestions were carried out in solutions containing 4 mL of
concentrated hydrochloric acid, 1 g of potassium iodide, and 5
mL water, and typically lasted 5 s for 0.10-g samples contain-
ing Sr and around 30 s for samples containing Ca. After
dilution with water, the newly formed triodide solutions were
titrated with 0.1 M thiosulfate solution. The molarity of the
thiosulfate solution was calculated from titrations of KlO3
(analytical standard grade quality). Close to the equivalence
point, soluble starch was added as an indicator. Blank
analyses were performed and showed essentially no oxidation
(<1/500 of the oxidation due to the sample).

Results

Figure 2 shows the observed pattern and the refined
fit to the NdosSrosMnO;3 diffraction data. The inset
shows that even at higher angles, the counting statistics
and peak resolution are good enough to extract consid-
erable information from the pattern. The combination
of excellent counting statistics, high resolution, and the
large number of observed reflections (typically 250—500
reflections for 19—20 variables) results in structural
refinements that are of a much higher accuracy than
can typically be achieved using conventional X-ray
diffraction data. In the most favorable cases, the
accuracy of these refinements is comparable to the
accuracy that could be obtained from high-resolution
neutron diffraction data. However, for certain composi-
tions, lattice strain (which broadens the high angle
peaks) and psuedo-cubic symmetry lead to significant
peak overlap, which reduces the precision of the refine-
ment. Tables 2—4 list the refinement statistics, unit
cell parameters, space groups, and lattice strain as
determined from the Rietveld refinements. Changes in
the space group are a consequence of changes in the
octahedral tilt system. A detailed description and ex-
amination of each type of octahedral tilting encountered
in these compounds is given in the Discussion section.
The fractional coordinates and displacement parameters
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Table 2. Refinement Statistics, Unit Cell Dimensions, and Microstrain Parameters for LngsSrosMnOs; Compounds (Ln =

La, La/Nd, Pr)

lanthanide La Lao.33Ndoe7 Pr
Rwp 5.28% 7.87% 7.18%
Rp 3.44% 5.53% 5.09%
R(F?) 5.69% 6.11% 5.21%
260 Range 9-67° 9-72° 9-72°
# reflections 313 357 361
# variables 18 19 18
space group 14/mcm Imma 14/mcm Imma 14/mcm Imma
mass fraction 60.6(6)% 39.4% 13.0(3)% 87.0% 85.3(2)% 14.7%
a(A) 5.44247(3) 5.4608(2) 5.4016(2) 5.43844(7) 5.40278(3) 5.4413(3)
b (A) - 7.6980(2) - 7.6477(1) - 7.6522(4)
c(A) 7.76613(6) 5.4792(2) 7.7732(4) 5.47610(7) 7.78744(5) 5.4791(3)
volume (A3) 230.036(3) 230.330(8) 226.81(1) 227.759(6) 227.316(3) 228.14(1)
strain” (Gauss) 0.091% 0.091% 0.119% 0.119% 0.089% 0.089%
strain’ (Lorentz) 0.016% 0.210% 0.024% 0.024% 0.011% 0.147%

Table 3. Refinement Statistics, Unit Cell Dimensions,
and Microstrain Parameters for LnosSrosMnOg3
Compounds (Ln = Nd, Nd/Sm, Sm, Gd)

lanthanide Nd Ndo.sSMos Sm Gd
Ruwp 7.23% 5.09% 6.28% 6.00%

P 4.65% 3.33% 3.95% 4.04%
R(F?) 6.80% 5.88% 5.90% 4.48%
20 range 10—82° 9-82° 8—62° 10—65°
# reflections 312 317 290 361
# variables 15 15 20 20
space group Imma Imma Pnma Pnma
a(h) 5.43153(3) 5.42352(3) 5.41986(5) 5.4222(2)
b (A) 7.63347(4) 7.62476(4) 7.63856(7) 7.6422(1)
c(A) 5.47596(3) 5.46335(3) 5.44733(5) 5.4229(2)
volume (A3) 227.041(2) 225.927(3) 225.519(4) 224.710(6)
strain’# (Gauss) 0.038% 0.059% 0.074% 0.096%
strain’ (Lorentz) 0.053% 0.033% 0.057% 0.134%

are contained in Tables 5—7. Key structural parameters
are tabulated in Tables 8 and 9, and Table 10 contains
the iodometric titration results. The Ln/A site oc-
cupancy was refined to check for deviations in the cation
stoichiometry, but the refined occupancies were found
to be consistently within 1% of the expected value, and
therefore, cation occupancies were fixed to the stoi-
chiometric ratios to avoid correlation with the displace-
ment parameters. The refinement and titration results
taken together show that the samples investigated in
this study are highly crystalline, homogeneous, and very
close to the intended LngsAosMnO3 stoichiometry.
Structural data has been previously reported for Ndo s-
Sro_5Mn03,41 Prolssro_sMnO3,42'43 Lao_5Cao,5Mn03,27v33 Ndos-
Cao,sMn03,44 Pro_5Cao_5Mn03,45 and Lao,ssro,sMn03.33
Our results are in excellent agreement with the previ-
ously reported structures for the first two compounds,
which were determined based on refinements of neutron
diffraction data. For LapsCapsMnOs, good agreement
is obtained between the results obtained in this study
and the previously reported results (also based on
neutron data); however, the lattice constants reported
previously are consistently larger than we observe,
resulting in a 0.4% increase in the unit cell volume. The

(41) Caignaert, V.; Millange, F.; Hervieu, M.; Suard, E.; Raveau,
B. Solid State Comm. 1996, 99, 173.

(42) Damay, F.; Martin, C.; Hervieu, M.; Maignan, A.; Raveau, B.;
Andre, G.; Bouree, F. J. Magn. Magn. Mater. 1998, 184, 71.

(43) Argyriou, D. N.; Hinks, D. G.; Mitchell, J. F.; Potter, C. D,;
Schulz, A. J.; Young, D. M.; Jorgensen, J. D.; Bader, S. D. J. Solid
State Chem. 1996, 124, 381.

(44) Kobayashi, T.; Takizawa, H.; Endo, T.; Sato, T.; Shimada, M.;
Taguchi, H.; Nagao, M. J. Solid State Chem. 1991, 92, 116.

(45) Jirak, Z.; Krupicka, S.; Simsa, Z.; Dlouha, M.; Vratislav, S. J.
Magn. Magn. Mater. 1985, 53, 153.

origin of this discrepancy is unknown, but it may be a
consequence of the different synthesis routes employed.
The previously reported structural data for NdosCag s-
MnOg3 and ProsCagsMnO3 were obtained from analysis
of conventional X-ray and low-resolution neutron pow-
der diffraction data, respectively. The bond distances
and angles determined in these studies were not of
sufficient accuracy to be used in this study, although
they are in relatively good agreement with our results.

The structure of LagsSrosMnO3 has also been re-
ported in the literature, to be monoclinic, space group
12/a (tilt system a~b~a”), based on refinements of
conventional X-ray diffraction data.3® However, we
observe a two-phase orthorhombic (Imma) and tetrago-
nal (I4/mcm) mixture. The distinction between Imma
and I2/a is a subtle one. Both space groups have the
same extinction conditions. Therefore, the two can only
be distinguished by the presence of a monoclinic distor-
tion; and/or small changes in the peak intensities. For
each compound we assigned to the Imma space group,
we also performed refinements in the 12/a space group.
In each case, neither the profile fit nor the goodness of
fit residuals showed any improvement over the fit
obtained using the Imma model. Thus, we reached the
conclusion that all of the compounds reported here as
Imma are orthorhombic rather than monoclinic. It is
not clear if the discrepancy between our results and the
previously reported structure of LagsSrosMnOs is due
to differences in the synthesis route, problems in cor-
rectly interpreting the lower resolution laboratory X-ray
diffraction data used in the previous study (particularly
if the sample was actually two-phase), or masking of a
slight monoclinic distortion in our sample due to the
coexistence of two phases.

Discussion

Bond Distances, Angles, and Unit Cell Param-
eters. In analyzing the data we first examined the
validity of the assumptions made. Figure 3 shows the
evolution of (] defined as

[b[= 180° — [aO]

where [@[ds the average value of the Mn—O—Mn angles.
Taken on the whole, [@Cincreases roughly proportionally
to the decrease in [fal) although the linear fit to the w0
values for the strontium-containing compounds is not
particularly good. Examination of the average Mn—0
bond distances in Tables 8 and 9 shows that this



Influence of Cation Size on Perovskites

Chem. Mater., Vol. 10, No. 11, 1998 3657

Table 4. Refinement Statistics, Unit Cell Dimensions, and Microstrain Parameters for LngsCasMnO3; Compounds

lanthanide La LapsNdos Pr Nd Sm SmosYos
Rwp 4.10% 5.03% 3.85% 4.90% 6.20% 7.22%
Rp 2.93% 3.24% 2.61% 3.35% 3.41% 4.84%
R(F?) 4.93% 4.12% 3.82% 4.47% 5.98% 6.01%
20 range 10—80° 9-71° 9-72° 10—-60° 10—-79° 9-62°
# reflections 554 449 429 258 549 295
# variables 19 19 19 19 19 19
space group Pnma Pnma Pnma Pnma Pnma Pnma
a(A) 5.41822(4) 5.4077(2) 5.40428(5) 5.39200(6) 5.41593(5) 5.4254(3)
b (A) 7.63890(4) 7.6246(1) 7.61275(5) 7.58972(8) 7.54849(7) 7.5042(3)
c(R) 5.42691(4) 5.4047(2) 5.39414(4) 5.37605(6) 5.36012(6) 5.3341(2)
volume (A3) 224.616(3) 222.840(5) 221.923(3) 220.008(5) 219.133(5) 217.17(2)
strain’ (Gauss) 0.104% 0.161% 0.117% 0.123% 0.254% 0.327%
strain’ (Lorentz) 0.051% 0.131% 0.047% 0.068% 0.087% 0

Table 5. Refined Fractional Coordinates and
Displacement Parameters for Tetragonal LnosSrosMnO3;

Compounds
lanthanide La Pr
fractional coordinates?®
Ogg X 0.7751(7) 0.7845(4)
Ogeqy 0.2751(7) 0.2845(4)
displacement parameter, Byso (A2)

Ln/Sr 0.273(6) 0.197(7)
Mn 0.11(1) —0.03(1)
Oax 0.32(5)° 0.53(7)
Oeq 0.32(5)° 0.30(6)

a These compounds possess 14/mcm symmetry, with the Ln/Sr
ions residing on the 4b site (0,1/2,1/4), Mn on 4c site (0,0,0), Oax
on 4a site (0,0,1/4), and Ogq on 8h site (x,x+1/2,0). ® Oxygen
displacement parameters were constrained to be equal for
LagsSrosMnOs.

distance is more or less constant across the entire series,
the observed spread in values being 1.935—-1.947 A.
There does appear to be a slight increase in [dyn—oOwith
decreasing [Fal] but the uncertainties in the Mn—0
distances render any proposed correlation between these
two parameters statistically insignificant. Further-
more, the observed variation in the manganese bond
valence, 3.59—3.72, is quite small,*é suggesting that the
total Mn—O bonding interaction is practically constant
across the series.

At first glance it would seem that the practice of
correlating changes in the Mn—O—Mn bond angles
directly with [Fallis valid. However, a closer look at the
data reveals the oversimplification of such an assump-
tion. Figure 4 shows the behavior of the individual
Mn—0O distances and Mn—O—Mn angles versuss the
Goldschmidt tolerance factor:4”

t=(rpa+ rO)/[ﬁ(rM + o)l

where ra, v, and rp are the ionic radii of the constituent
ions. Examining first the Mn—O0 distances, we see that
for large and particularly for small values of fall(or
tolerance factor), the Mn—0O(ax) distances are shorter
than the Mn—0O(eq) distances.*® Because the eq elec-
trons are o-antibonding, any localization or confinement
of them to a specific plane or direction will result in an
expansion of the bonds in that direction(s). Therefore,
the divergence of the Mn—0(ax) and Mn—0(eq) values

(46) For comparison, the manganese bond valence in NdosCags-
MnO3; was calculated using Mn—0O distances that were first expanded
and then contracted by experimentally determined standard deviation.
The resulting manganese bond valences were 3.71 and 3.62, compa-
rable to the deviation observed across the entire LngsAqsMnO; series.

(47) Goldschmidt, V. M. Naturwissenschaften 1926, 14, 477.

for compounds with A = Ca as the ionic radius of the
lanthanide ion decreases reflects an increase in the
degree of orbital ordering present at room temperature.
This increase is presumably driven by an increased
localization of the carriers as the o* bandwidth, W,
decreases in response to the increased distortion of the
Mn—O—Mn bonds, @[]

The observation that Mn—O(ax) distances are smaller
in the large tolerance factor region is not so easily
understood. Because [w[lis smaller, W is larger and
higher carrier mobility is expected. Delocalization of
the ey electrons should lead to a very isotropic distribu-
tion of Mn—0O distances. The explanation to this ap-
parent anomaly is contained in Figure 4b. With the
exception of LagsCapsMnOg3, the assumption of isotropic
Mn—O—Mn bond angles is a very good one for the
LnosCagsMnOs series, but does not hold for the
LNnosSrosMnOg; series. The Mn—O(eq)—Mn angles are
consistently larger than their Mn—0O(ax)—Mn counter-
parts, in some cases by >5°. As a result, the o* band-
width in the MnO(eq), layers will be larger than the
bandwidth in the Mn—0O(ax) direction, which will in-
crease in-plane carrier mobility and magnetic superex-
change interactions. Thus, to promote delocalization of
the carriers and reap a subsequent gain in Kinetic
energy, the eq orbitals with significant components in
the MnO(eq), layers will be preferentially populated
over the eg orbitals directed primarily along the Mn—
O(ax) directions. This procedure will result in an
expansion of the Mn—0O(eq) bonds, with respect to the
Mn—0O(ax) bonds.

Finally, the M—O—M angles are shown for LnMO3;
(M = Fe, Al) compounds in Figure 4c for comparison.
Among these compounds, notice that even over a wide
range of tolerance factor, no significant deviation of the
M—0O(eq)—M and M—0O(ax)—M values is observed. This
implies indirectly that the anisotropy in the LngsAqs-
MnOg series is a consequence of the size mismatch
between Sr?* and Ln3*. This point will be discussed in
greater detail in the discussion of octahedral tilting, as

(48) The O(eq) atoms are defined as those atoms that lie roughly
in the plane in which the occupied eq orbitals order. These MnO(eq).
layers also correspond to the ferromagnetic layers in the AFM-A type
structure. In the Pnma and Imma space groups, the MnO(eq), layers
run parallel to the ac plane; in 14/mcm, the layers are defined in the
bc plane. The O(ax) atoms link the MnO(eq). layers. This definition of
making the “unique” axis along b is consistent with the tilt system for
Pnma and Imma compounds, but calling a “unique” is contrary to
convention for the tetragonal space group 14/mcm. However, such a
definition is consistent with the magnetic and orbital ordering observed
for ProsSrosMn0Os,4” as well as the convention of having the most
distorted Mn—O—Mn linkages run in the axial direction.



3658 Chem. Mater., Vol. 10, No. 11, 1998

Woodward et al.

Table 6. Refined Fractional Coordinates and Displacement Parameters for Orthorhombic LngsSrosMnO3; Compounds

lanthanide Lag 33Ndge72 Nd2 Ndo5Smg.s? SmP GdP
fractional coordinate
Ln/Sr x 0 0 0 0.0158(1) 0.0235(1)
Ln/Sr z —0.0012(4) —0.0019(3) —0.0020(2) —0.0027(3) —0.0051(3)
Oax X 0 0 0 —0.000(1) —0.006(1)
Oax Z 0.448(1) 0.4462(9) 0.4437(7) 0.440(2) 0.435(2)
Oko X 0.75 0.75 0.75 0.731(2) 0.726(1)
Oeoy —0.0250(7) —0.0269(5) —0.0284(5) —0.0295(6) —0.0322(7)
Ok Z 0.25 0.25 0.25 0.269(2) 0.275(1)
displacement parameter, Biso (A2)

Ln/Sr 0.276(9) 0.317(7) 0.497(6) 0.30(1) 0.276(9)
Mn 0.06(1) 0.12(1) 0.19(1) —0.02(2) 0.02(1)
Oax 0.5(2) 0.6(1) 0.53(8) 0.92) 1.6(3)
Oko 0.29(8) 0.60(7) 1.02(6) 0.3(1) 0.1(1)

a These compounds possess Imma symmetry, with the Ln/Sr and Oax ions residing on the 4e site (0,1/4,z), Mn on 4b site (0,0,1/2), and
Ogq On 8g site (3/4,y,1/4). ® These compounds possess Pnma symmetry, with the Ln/Sr and Oax ions residing on the 4c site (x,1/4,z), Mn

on 4b site (0,0,1/2), and Ogg on 8d site (X,y,z).

Table 7. Refined Fractional Coordinates and Displacement Parameters for LngsCagsMnO3; Compounds

lanthanide La LapsNdos Pr Nd Sm SmosYos
fractional coordinate®
Ln/Ca x 0.01803(7) 0.0240(1) 0.02765(7) 0.0303(1) 0.0390(1) 0.0446(2)
Ln/Caz —0.0025(2) —0.0026(7) —0.0048(2) —0.0055(3) —0.0068(3) —0.0075(4)
Oax X —0.0078(8) —0.0127(8) —0.0111(6) —0.0117(8) —0.0167(9) —0.023(1)
Oax z 0.4320(8) 0.434(1) 0.4322(9) 0.430(1) 0.423(1) 0.418(2)
Okgq X 0.7238(8) 0.716(1) 0.7130(6) 0.7137(9) 0.7096(8) 0.716(1)
Oeqy —0.0309(3) —0.0345(7) —0.0353(3) —0.0361(5) —0.0397(5) —0.0492(6)
Ogq z 0.2748(7) 0.280(1) 0.2833(7) 0.282(1) 0.290(1) 0.286(1)
displacement parameter, Bso (A2)

Ln/Ca 0.342(5) 0.457(9) 0.314(5) 0.30(1) 0.27(1) 0.40(2)
Mn 0.167(8) 0.21(1) 0.165(9) 0.19(2) —0.07(2) 0.16(4)
Oax 0.45(7) -0.1(2) 0.24(9) 0.0(1) 0.0(2) 1.3(2)
Oko 0.05(4) 0.33(9) 0.23(5) 0.05(9) 0.30(8) 0.3(1)

a All compounds possess Pnma symmetry, with the Ln/Ca and Oax ions residing on the 4c site (x,1/4,z), Mn on 4b site (0,0,1/2), and Ogq

on 8d site (x,y,z).

Table 8. Key Structural Features for LngsSrosMnO3; Compounds

Lanthanide La Pr Lao,33Ndo,67 Nd Ndo‘ssmols Sm Gd
structural feature
[Fa® 1.263 1.245 1.250 1.237 1.229 1.221 1.209
ra— r'tn 0.094 0.131 0.121 0.147 0.163 0.178 0.203
to 0.953 0.947 0.949 0.944 0.941 0.938 0.934
t12 1.004 0.994 0.995 0.987 0.984 0.982 0.976
tilt system a%alc~ a%alc~ a~h%~ a~b%~ a~b%~ a~bta- a“bta~
bond distance (A)
Mn—0Oax 2x1.9338(5) 2 x1.9283(4) 2x1.933(1) 2x1.9310(7) 2x1.9309(7) 2 x 1.937(1) 2 x 1.943(2)
Mn—Ogo 2x1.9338(5) 2 x 1.9283(4) 4 x1.9389(5) 4 x 1.9391(4) 4 x1.9367(4) 2x1.94(1) 2 x 1.938(4)
2 x 1.9415(1) 2 x 1.9469(1) 2 x 1.94(1) 2 x 1.946(4)
@0 1.9364(4) 1.9345(3) 1.9369(7) 1.9364(4) 1.9347(4) 1.939(7) 1.942(3)
bond angle (°)
Mn—Oax—Mn 168.6(3) 164.3(2) 162.9(4) 162.4(3) 161.7(2) 160.7(4) 159.1(7)
Mn—Ogo—Mn 168.6(3) 164.3(2) 168.7(3) 167.8(2) 167.2(2) 164.1(3) 161.6(3)
180.0 180.0
W0 7.6(2) 10.5(1) 13.2(3) 14.0(2) 14.6(2) 17.0(3) 19.2(4)
Oax—Mn—0gq 90.0 90.0 89.6(2) 89.8(2) 89.9(1) 89.7(3) 90.0(4)
89.3(3) 89.8(4)
Oego—Mn—Ogo 90.0 90.0 89.05(3) 88.89(2) 88.87(2) 88.93(5) 89.10(5)
bandwidth
cos [waxO 0.9802 0.9626 0.9558 0.9532 0.9494 0.9438 0.9342
cos [wegd 0.9950 0.9906 0.9806 0.9774 0.9751 0.9617 0.9489
(cos wax)/(cos Weg)  98.5% 97.2% 97.5% 97.5% 97.4% 98.1% 98.5%
bond valences?
Sr 2.39 2.53 2.55 2.59 2.64 2.73 2.85
Ln 2.76 2.67 2.95 (La) 2.50 2.55 (Nd) 2.53 2.52
2.46 (Nd) 2.45 (Sm)
(Ln + Sn)/2 2.58 2.60 2.63 2.55 2.57 2.63 2.69
Mn 3.70 3.72 3.69 3.70 3.71 3.67 3.64

a Calculated from Shannon’s nine-coordinate ionic radii.”> P The bond valence calculations were performed with the program Valence.”®

will the fact that the bond angle anisotropy is most
strongly associated with the Imma and 14/mcm space
groups.

The evolution of the lattice parameters and unit cell
volume as a function of fallis shown in Figure 5. The
corresponding values for the LnFeO3; and LnAIO; series
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Table 9. Key Structural Features for LngsCapsMnO3; Compounds

lanthanide La LapsNdos Pr Nd Sm SmosYos
structural feature
Al 1.198 1.185 1.180 1.172 1.156 1.142
ra— I'tn —0.036 —0.010 0.001 0.017 0.048 0.077
to 0.930 0.925 0.923 0.920 0.915 0.909
t12 0.985 0.977 0.975 0.969 0.963 0.956
tilt system a~bta~ a~bta~ a“bta” a~bta~ a~bta~ a“bta-
bond distance (A)
Mn—0Onax 2 x 1.946(1) 2 x 1.940(1) 2 x 1.939(1) 2 x 1.936(2) 2 x 1.933(1) 2 x 1.931(2)
Mn—Okgq 2 x 1.946(5) 2 x 1.961(8) 2 x 1.961(4) 2 x 1.957(6) 2 x 1.956(5) 2 x 1.952(8)
2 x 1.937(5) 2 x 1.928(8) 2 x 1.932(4) 2 x 1.925(6) 2 x 1.949(5) 2 x 1.960(8)
o 1.943(4) 1.943(6) 1.944(3) 1.939(5) 1.946(4) 1.947(6)
bond angle (°)
Mn—0ax—Mn 158.0(3) 158.5(4) 158.0(3) 157.2(4) 154.9(4) 152.7(6)
Mn—Ogo—Mn 161.8(1) 158.8(3) 157.5(2) 157.5(2) 154.6(2) 153.1(4)
rn 160.5(2) 158.7(3) 157.7(2) 157.4(3) 154.7(3) 153.0(5)
Oax—Mn—0gq 89.0(2) 89.6(3) 89.9(2) 89.7(2) 89.4(2) 87.5(3)
89.3(1) 89.3(3) 89.7(3) 89.7(3) 89.6(2) 90.0(3)
Ogo—Mn—0Okgo 89.03(3) 88.86(8) 88.89(4) 88.90(6) 89.20(6) 88.93(9)
bandwidth
cos [waxd 0.9272 0.9304 0.9272 0.9218 0.9056 0.8887
cos [wegl 0.9499 0.9323 0.9239 0.9239 0.9033 0.8918
(cos wax)/(cos weq) 97.6% 99.8% 100.4% 99.8% 100.3% 99.6%
bond valenceP
Ca 1.81 1.91 1.98 2.03 2.17 2.31
Ln 3.32 3.33 (La) 3.14 2.94 3.10 3.30 (Sm)
2.84 (Nd) 2.74 (Y)
(Ln + Ca)/2 2.57 2.50 2.56 2.49 2.64 2.67
Mn 3.63 3.63 3.62 3.67 3.60 3.59

a Calculated from Shannon’s nine-coordinate ionic radii.”> P The bond valence calculations were performed with the program Valence.”®

Table 10. lodometric Titration Results
manganese
compound xa oxidation state
LagsSrosMnO3—x 0001(1) 3.50
Lao,17Ndo,338I'0‘5MnO3fx 0.001(1) 3.50
ProsSrosMnO3_x 0.000(1) 3.50
Ndo.sSrosMnO3_x 0.003(1) 3.49
Ndo,zssmolzssl’o,sMnO3—x *0.004(2) 3.51
SMo.5Sro.sMNOz—x —0.007(4) 3.51
Gdo5SrosMnO3z—x 0.002(2) 3.50
LagsCapsMnOz—x 0005(2) 3.49
Lap 25sNdp 25CagsMnO3—x 0005(6) 3.49
ProsCagsMnOs—y 0.003(1) 3.49
Ndo.5CagsMnO3_x —0.013(2) 3.53
Smo.sCagsMnO3z—« —0.012(3) 3.52
SMo.25Y0.25CapsMnNO3_x —0.009(3) 3.52

aThree to four runs were performed on each sample. The
standard deviations are based strictly on the statistical repeat-
ability, the real standard error of each analysis is probably at least
twice the statistical standard deviation.

are contained in Figure 6. Based on the GdFeOj;
octahedral tilting distortion alone (tilt system a~b*a™),
the so-called O-type lattice distortion a = b/v/2 = ¢ is
expected. This relationship holds for the entire LnFeO3
series, which is consistent with the fact that octahedral
tilting is essentially the only distortion mechanism
present in that series.*® Figure 6 also shows that the c
lattice parameter is most sensitive to the octahedral
tilting distortion, while the a parameter is relatively
insensitive to such a distortion. It is also known that
the combination of octahedral tilting and a coopera-
tive JT distortion (orbital ordering) produces the
O'-type lattice distortion, with a = ¢ = b/+/2.455
High-temperature X-ray studies of Pr;—,CayMnO3; and

(49) Marezio, M.; Remeika, J. P.; Dernier, P. D. Acta Crystallogr.
B 1970, 26, 2008.

(50) Pollert, E.; Krupicka, S.; Kuzmicova, E. J. Phys. Chem. Solids
1982, 43, 1137.
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Figure 3. The average Mn—O—Mn angle distortion, Ov(=
180 — [l where [dis the average Mn—O—Mn bond angle as
a function of Fall

Y1-xCayMnO3; show that the development of orbital
ordering results primarily in a large expansion in the a
cell parameter, and a smaller contraction in b/~v2
(Pnma setting).® Thus, changes in the c cell parameter
are reflective of the magnitude of the octahedral tilting
distortion, whereas changes in the a cell parameter
serve as a good indicator of the magnitude of the
cooperative JT distortion.

Using the criteria just presented to evaluate the
evolution of the lattice parameters across the LngsAg -
MnOs series, the steady decrease in c is consistent with
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Figure 4. The relationship between Mn—0O distances, Mn—
O—Mn bond angles, and the tolerance factor (calculated using
nine coordinate radii for the A-site cations). Part (a) shows
the evolution of the Mn—0O(ax) bond lengths and the average
of the two Mn—0O(eq) bond lengths. The identities of O(ax) and
O(eq) are defined in ref 48. Part (b) shows the evolution of the
Mn—O—Mn angles. Part (c) shows the bond angle evolution
found in the LnFeO3%° and LnAIO3% 8 series. Lines are
intended as guides for the eye. Among the LngsSrosMnOs
compounds, the values for Pry,Sr1,MnO; fall outside of the
expected trends, as briefly discussed in the text.

an increase in the octahedral tilting distortion in
response to the decreasing radius of the Ln/A cations,

Woodward et al.
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Figure 5. Variations in (a) the lattice parameters and (b) the
unit cell volume as a function of [#alJ Lines are included merely
as guides for the eye.

whereas the upturn in a for LngsCagsMnO3; compounds,
with lanthanides smaller than Nd, signals the presence
of orbital ordering at room temperature. This conclusin
is completely consistent with the trends in the Mn—0
distances. Two additional features in Figure 5a merit
comment. The upturn in b/+/2 for the last two mem-
bers of the LngsSrosMnOs series (Ln = Gd, Sm) corre-
sponds to an increase in the Mn—0O(ax) distance (Figure
4a) and a change in space group, driven by a change in
the octahedral tilt system, from Imma to Pnma. Fi-
nally, b/~/2 is less than a or ¢ across the entire series,
suggesting some degree of orbital ordering throughout.
However, for LagsCapgsMnO3 and the entire LngsSros-
MnOs series, ¢ > a, contrary to expectations for both
the O and the O’ distortion. This effect is also seen in
PrNiO3, LaTiO3, LaGaOs3, and LaCr03.51 The origin of
this effect is a distortion of the O(eq)—Mn—0O(eq) angles

(51) Lacorre, P.; Torrance, J. B.; Pannetier, J.; Nazzal, A. |.; Wang,
P. W.; Huang, T. C. J. Solid State Chem. 1991, 91, 225.
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Figure 6. Variations in (a) the lattice parameters and (b) the
unit cell volume as a function of [Eafor LnFeO3; compounds
in part (a) and both LnFeO3; and LnAIO; compounds in part
(b). Lines in part (a) are included as guides for the eye, and in
part (b) the lines represent the linear relationship between V
and faUexpected from Vegard's law.

of the octahedron, which lie roughly in the ac plane.
These angles are 90 + °, with g consistently close to
1°. It can be geometrically shown that in the absence
of octahedral tilting or JT distortions, this distortion of
the octahedra affects the lattice parameters in the
following manner

a= au[x/i cos(45° + p/2)]
¢ = ¢, [v2 sin(45° + BI2)]

where ay and ¢y are the lattice constants for a structure
with perfect octahedra. For g = 1°, the lattice constants
become a = (0.991)a, and ¢ = (1.009)c,. This result
corresponds to an expansion in ¢ and a contraction in a
of ~ 0.05 A in each direction. These changes are
sufficient to account for the observation ¢ > a. However,
the strong contraction in c¢ that accompanies the octa-
hedral tilting distortion eventually leads to structures
with ¢ < a.
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Unlike LnFeO3; and LnAIO; (Figure 6b), the unit cell
volume of the LngsAosMnO; (Figure 5b) series deviates
significantly from Vegard’s law. This fact is almost
certainly a consequence of the nonequivalent ionic radii
of the lanthanide and alkaline-earth cations. Consider
the hard sphere model on which ionic radii are based.
If the A-site were randomly populated by rigid spheres
of two different sizes, then the lattice would contract
until it fully contacted the larger sphere, leaving the
smaller sphere to rattle around in a cavity appropriately
sized for the larger cation. In such a model, the
distortion of the lattice would depend only on the size
of the larger cation. Of course, in actuality, ions are
not rigid spheres, as evidenced by the steady contraction
in volume with decreasing [falJ However, the nonlin-
earity of the contraction clearly illustrates the fact that
the approximation of randomly distributed ions with an
effective ionic radius FalJis not strictly valid either. In
general, as the polarizability of the larger A-site cation
decreases, it will behave more like a rigid sphere. The
large polarizability of Sr2* is critical for the formation
of SrpsLngsMnO3; compounds with the smaller lan-
thanides. Calcium is a less polarizable ion, but Cags-
LnosMnOs is stable because its ionic radius is much
closer to the radii of the lanthanide ions.

Octahedral Tilting. All of the compounds studied
in this work are distorted from the ideal cubic perovskite
structure by octahedral tilting. Across the entire
LnosAosMnOg3 series, the largest deviation from 90°
observed in the O—Mn—0 angles is 1.2°. There is some
distortion in the Mn—0 distances, driven by JT effects,
but with the exception of SmpsCagsMnO3; and SMg 25Y ¢ 25
CapsMnO3, the Mn—0 distance distortions are rather
small. So to a good approximation, one can consider
tilting of essentially rigid octahedra to be the primary
distortion mechanism and cooperative JT distortions as
the secondary distortion mechanism. Glazer>52 devised
a system of notation for describing octahedral tilting
distortions in perovskites by specifying the magnitude
and phase of the octahedral rotations about each of the
Cartesian axes.5® For a detailed description of this
notation, works by Glazer®25* or more recently by
Woodward®® should be consulted.

All of the LngsCapsMnO3; compounds studied as well
as GdosSrosMnO3 and Smg sSrpsMnO3; adopt structures
with Pnma space group symmetry. This distortion is a
consequence of octahedral tilting described by the three
tilt system a~b*a~, and is most commonly associated
with the GdFeO3; and/or CaTiOg structures. If the in-
phase rotations about the b axis are eliminated, the two-
tilt system a~bPa~ is obtained. This tilt system also
gives an orthorhombic unit cell, but the space group
symmetry now becomes Imma rather than Pnma. The
structures of Ndg 25Smg 25SrosMnO3 and Ndg5SrosMnO3
are consistent with a~b%~ octahedral tilting. Finally,
elimination of the rotations about a axis produces the
one-tilt system b°b%~ (more commonly written a%a").
This tilt system leads to a structure that belongs to the
tetragonal space group 14/mcm. The three compounds

(52) Glazer, A. M. Acta Crystallogr. 1972, B28, 3385.

(53) The Cartesian axes are defined so that in the cubic structure
they run along the 4-fold axes parallel to the Mn—0O bonds.

(54) Burns, G.; Glazer, A. M. Space Groups for Solid State Scien-
tists, 2nd ed., Appendix A9—6; Academic: Boston, 1990.

(55) Woodward, P. M. Acta Crystallogr. 1997, B53, 32.
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Figure 7. The structure of ProsSrosMnO; (14/mcm, a%a’c™)
looking down (a) [001] and (b) [110], Ndo5SrosMnOs (Imma,
a~b%~) looking down (c) [010] and (d) [101], and SmqsCags-
MnO;s; (Pnma, a-b*a~) looking down (e) [010] and (f) [101]. In
these polyhedral representations of the structure, each octa-
hedron symbolizes a manganese at the center of the octahedron
and oxygen ions at each vertex. The round circles represent
the Ln/A ions.

with the largest falvalues, Lag17Ndg 33SrosMnOs, Pros-
SrpsMnOg3, and LagsSrosMnO3, were found to contain
large coherent domains of both I4/mcm and Imma
symmetry. The Imma structure was the majority phase
(87%) in Lag17Ndo33SrosMnO3, whereas the 14/mcm
structure was more prevalent in PrgsSrosMnO3; (85%)
and LagsSrosMnQOg3 (61%). The structures of SmosCags-
MnO; (Pnma, a“b*a~ tilting), NdosSrosMnOz (Imma,
a~b%~ tilting), and PrpsSrosMnOz (14/mcm, alalc™
tilting) are shown in Figure 7 for comparison. The
concepts of in-phase (Figures 7b, 7c, and 7e) and out-
of-phase (Figures 7a, 7d, and 7f) tilting are self-
explanatory from inspection of this figure.

It has long been known that the presence and
magnitude of the octahedral tilting distortions could be
qualitatively related to the tolerance factor. The value
of the tolerance factor is unity when the size of the A
cation perfectly matches the cubic MO3; network, and a
cubic structure is expected.>¢ For t;; < 1, the A cation
is too small and it will generally be energetically
favorable to undergo octahedral tilting distortions to
optimize the A—O interactions, but the tolerance factor
concept alone does not offer any insight into which tilt

(56) The tolerance factor should be calculated using 12-coordinate
radii for the A cation to obtain a scale where t = 1 represents a perfect
fit to the MO; lattice. However, it is much more common in the
manganate literature to use 9-coordinate radii for the A cation because
this more closely approximates the coordination of the A cation in the
distorted perovskite structure. In this paper, both definitions will be
employed; they will be denoted as tg and t;5.
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system will be most stable. The energetics that stabilize
specific tilt systems have recently been investigated and
it has been shown that as the tolerance factor decreases,
there is a certain point below which the a~b*a~ tilt
system (orthorhombic, Pnma) becomes the most ener-
getically favorable configuration.®®> This generally oc-
curs for t;; < 0.98 (tg < 0.94).57 Figure 4 shows that,
consistent with other systems, the LngsAosMnO3 series
adopts the a“b™a~ tilt system for ty < 0.94.

Although stabilization of the a~b*a~ tilt system for
ti2 < 0.98 appears to be universal, there is a delicate
balance of forces that determines the most stable tilt
system immediately above this critical tolerance factor.
Examination of structure type versus tolerance factor
among known perovskite compositions reveals that four
tilt systems are in direct competion:3% a"a~a~ (rhombo-
hedral, R3c), a%a%~ (tetragonal, 14/mcm), a~bPa~ (orthor-
hombic, Imma), and a“b*a~ (orthorhombic, Pnma).58
Among LnMO3 compounds at room temperature, the
rhombohedral a—a—a~ tilt system is the most stable
configuration. Lattice energy calculations show that
this result is partially due to the fact that the a—a—a~
tilt system optimizes the attractive Coulombic interac-
tion between ions. This term becomes increasingly
important as the effective charge on the A site cation is
increased, so that the trivalent oxidation state of the
lanthanide ions stabilizes the a—a—a~ tilt system.3®> On
the other hand, the orthorhombic (Pnma) a“b™a~ tilt
system optimizes covalent A—O interactions and is
exclusively observed, regardless of tolerance factor, for
CaMO3 compounds.®® The tetragonal aa®~ tilt system
is not commonly observed for simple AMOg3 perovskites,
but among Sr,MM'Og perovskites it appears to be the
tilt system of choice for 0.98 < t;, < 1.01.5°

Among the four tilt systems just discussed, the a-b%~
tilt system is the least commonly observed. If we limit
our search to AMO3 and A;—xA'xMO3 compositions, only
a handful of compounds that adopt this tilt system have
been previously reported. These compounds are as
follows: PrAlO; (151—205 K),5° BaPbOs3 (4 K61 298 K62),
BaCe03 (563—673 K),63 (Pr0_65Bao_35)Mn03 (298 K),64
(Lao,7Bao,1SSro,12)Mn03 (16 K),34 (LaojBao,g)MnOg (16
K),%* and (Ndo 5Sro5)MnO3 (298 K).2841 The occurrence
of this unusual tilt system in PrAlOs is driven by crystal
field stabilization of the 4f electrons on praseodymium.>
Among the BaM*tO3 compounds, BaPbO3 (t;, = 0.985,

(57) In the LnAIO; series, NdAIO; (tg = 0.943, t;, = 0.983) adopts
a~a-a-, whereas while SmAIO; (tg = 0.931, t;, = 0.972) adopts a"b*a".
Across the LnNiO;3 series, LaNiO; (tg = 0.950, t;; = 1.003) adopts
a~a~a-, whereas PrNiO3 (to = 0.936, t;; = 0.981) adopts a b*a™. In
the Lng7Aq03MnO; series, (Lag_7Cao_13$ro,17)MnO3 (tg =0.929,t;, = 0981)
adopts a"a~a—, whereas (Lag 7Cap 17Sro.13)MnO3 (to = 0.928, t1, = 0.980)
adopts a“b*ta~. All comparisons were made at room temperature.

(58) Two other tilt systems, a-b~a~ (monoclinic, 12/a) and a~-h%~
(monoclinic, 12/m), are also possible, but these correspond to structures
intermediate between the four tilt systems discussed in the text. The
a~b~a~ system is intermediate between a-h%~ and a—a~a-, whereas
a~bo%~ is intermediate between a~b%~ and a%°~, as has been
previously pointed out (Ritter et al. J. Solid State Chem. 1996, 127,
276).

(59) Woodward, P. M. Ph.D. Dissertation, 1996, Oregon State
University, Ch. 5.

(60) Burbank, R. D. J. Appl. Crystallogr. 1970, 3, 112.

(61) Thornton, G.; Jacobson, A. J. Mater. Res. Bull. 1976, 11, 837.

(62) Cox, D. E.; Sleight, A. W. Proceedings of the Conference on
Neutron Scattering (Gaitlinburg, TN) 1976, 1, 45.

(63) Knight, K. S. Solid State lonics 1994, 74, 109.

(64) Jirak, Z.; Pollert, E.; Andersen, A. F.; Grenier, J.-C.; Hagemuller,
P. Eur. J. Solid State Inorg. Chem. 1990, 27, 421.
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a~b% )86 is intermediate between BaPrOs (12 = 0.951,
a“bta”) and BaTbO3 (t; = 0.992, a—a—a"),%” and the
series of phase transitions in BaCeO3; with increasing
temperature is a"bTa”~ — a“bh% ™~ — a—aa~ — a%’a’.
So, for BaMO3; compounds, it appears that this tilt
system is intermediate between the orthorhombic a~b*ta~
and rhombohedral a—a—a™ tilt systems. The absence of
the a—bl%~ tilt system among LnMO3z; compounds is
attributed to the increased charge on the A-site cation,
which stabilizes the rhombohedral a"a"a~ structure
with respect to the a“b% ™ structure.

Among the manganates, which account for more than
half of the a~b%a~ perovskites, there are some inconsis-
tencies to the claim that the a~bPa~ tilt system acts as
an intermediate between a~b*a~ and a—a—a~. The
phase diagram for Lng 7A03MnO3; compositions contains
all three tilt systems, but the a-b%~ (Imma) portion of
the phase diagram is not found in the transition region
between the other two tilt systems; rather it occupies
the region of large fa0and low temperature.’8 This
region is also that of the phase diagram where the
mismatch in ionic radii between the lanthanide and the
alkaline earth cations is the largest. A large size
mismatch between A-site cations is also present in
(ProssBap.35)MnO3 as well as (Ndos5Sros5)MnO3 and the
other Imma perovskites reported in this work. We feel
this commonality is not just coincidence and propose that
in the doped manganate perovskites, the presence of
short-range layered Ln/A cation ordering is responsible
for stabilization of the orthorhombic a~b%a~ (Imma) and
tetragonal a%’~ (14/mcm) tilt systems for tolerance
factors t1, > 0.98 (tg > 0.94). Although additional work
is necessary to prove this assertion, there are several
observations that are consistent with such a conclusion.
First of all, layered ordering is the most commonly
observed arrangement for long-range ordering of A-site
cations.®® Second, the Mn—O—Mn bond angles are
necessarily anisotropic in the a"b%~ and a%09" tilt
systems, in each case introducing some two-dimensional
character into the structure. This type of distortion is
complementary to the planar dimensionality of the
layered Ln3*/AZ" ordering. As a result, variations in
the layer spacing necessary to accommodate ordering
of large and small cations into alternating layers are
not in conflict with the cooperative octahedral tilting
distortion. Conversely, the a—a—a™ tilt system is by
symmetry completely isotropic. Therefore, distortions
of the oxygen framework that are necessary to stabilize
A-site cation ordering are not consistent with the
symmetry of this tilt system, in much the same way that
cooperative JT distortions are incompatible with the
long-range symmetry of the a—a-a™ tilt system. Further
support for this conclusion can be obtained from inspec-

(65) Birgeneau, R. J.; Kjems, J. K.; Shirane, G.; Van Uitert, L. G.
Phys. Rev. B 1974, 10, 2512.

(66) There is some debate regarding the room-temperature struc-
ture of BaPbOj3. Cox and Sleight determined it to belong to tilt system
a~b%~ (space group Imma), other references report the a-bo%~ tilt
system (12/m) where the two out-of-phase tilts are no longer equivalent
(Ritter, H., et al., Z. Phys. B 1989, 75, 297; Marx, D. T., et al. J. Phys.
B Conds. Matter 1992, 46, 1144), which is of course closely related to
the a"b% tilt system.

(67) Jacobson, A. J.; Tofield, B. C.; Fender, B. E. F. Acta Crystallogr.
B 1972, 28, 956.

(68) Radaelli, P. G.; Marezio, M.; Hwang, H. Y.; Cheong, S.-W. J.
Solid State Chem. 1996, 122, 444.

(69) Park, J.-H.; Woodward, P. M.; Parise, J. B. Chem. Mater., in
press.
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Figure 8. An exploded view of the diffraction pattern for
SrosY0sMnO;3. Peaks marked with an arrow are forbidden in
Imma but are allowed in Pnma. Peaks marked with an
asterisk are impurity peaks arising from the presence of a
small amount of YMnOg;. All other peaks are allowed in both
Imma and Pnma.

tion of the individual peak widths in the diffraction
patterns of Lng5SrosMnO3 perovskites, which adopt the
Pnma space group. Those peaks that violate the extinc-
tion conditions of Imma but are allowed in Pnma are
slightly broadened in SmgsSrosMnO3. This effect is
more pronounced in GdosSrpsMnO3 and is extremely
large in Yo5-xSros+xMnO3z (x ~ 0), as shown in Figure
8. The origin of this effect is a decrease in the size of
the coherence length of the in-phase tilt about the b axis
as the size difference, rgr — rn increases. Because the
driving force for layered cation ordering should increase
as the size difference between Ln3" and A2* cation
increases and the magnitude of the in-phase tilts will
also increase as [alldecreases, a competition between
the two distortion mechanisms would help to explain
the rapid decrease observed in the long-range coherence
of the in-phase tilts. Figure 9 shows the evolution in
the magnitude of the out-of-phase tilts and the in-phase
tilts as a function of tolerance factor. Note the contrast
between the smooth progression of the out-of-phase tilts,
present in both Imma and Pnma, and the more turbu-
lent evolution of the in-phase tilt angle. Additionally,
the magnitudes of the in-phase tilting and out-of-phase
tilting are quite similar when the size mismatch, |ra —
runl, is small. However, when the size mismatch
becomes large, a suppression of the in-phase tilt angle
is observed. In contrast, the tilt angles in LnFeO3; and
LnAIO3;, where A-site cation ordering is not possible, are
consistently very similar. A final piece of evidence in
support of this conclusion is the fact that for Lng7A¢3-
MnO3z compounds, the a~b%~ tilt system is seen only
at low temperatures, transforming to a—a"a~ upon
warming to room temperature, whereas for LngsAqs-
MnO3 compounds the a~h% ™ and a%a’ tilt systems are
observed at room temperature and for smaller values
of [ra — run|. This result is consistent with the fact that
the driving force for layered A-site cation ordering will
be largest for a 1:1 ratio of lanthanide to alkaline earth
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Figure 9. The magnitude of the octahedral tilts, about the
Cartesian axes of the cubic structure, for (a) LnFeOs; and
LnAIO3; compounds, and (b) LnosAqsMnOs; compounds belong-
ing to the Imma and Pnma space groups. The in-phase tilt
angles were calculated from the oxygen fractional coordinates
using the formulas: [010] tilt = ({O(eg)x — 0.75}/0.00427) and
[010] tilt = ({0.25 — O(eq)z}/0.00452), whereas the out-of-phase
tilts were calculated with the expressions [100]/[001] tilt =
(—O(eq)y/0.00440) and [100]/[001] tilt = ({0.50 — O(ax)z}/
0.00888). The two values obtained for each tilt angles were
then averaged. The error bars represent the difference between
the two values. These formulas were derived using the
program POTATO.8

cations. Whereas all of the evidence presented here in
support of short-range Ln3*/A2+ layered ordering is
indirect, taken collectively it strongly supports the
hypothesis that such ordering can and does occur. At
the very least, this evidence should provide motivation
to search for direct evidence either in support of or in
contradiction to our assertion.

The diffraction patterns for LagsSrosMnQOs, ProsSros-
MnO3, and Lag17Ndo33SrosMnO3z are unambiguously
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two phase, each containing an Imma phase (a~bfa-
tilting) and an 14/mcm phase (a%®~ tilting) and both
phases having similar unit cell volumes. The coexist-
ence of two tilt systems in the same sample illustrates
the very small energetic differences between these tilt
systems. Based on neutron diffraction data, ProsSros-
MnOg3 has been previously reported to be tetragonal
with a space group 14/mcm.#243 Thus, the small amount
of Imma phase we see in PrpsSrosMnO3; may be a
consequence of small spatial variations in the Pr3*:Sr2*
ratio. However, increasing the annealing temperature
from 1500 to 1510 °C resulted in the appearance of
impurity phases in the sample. Further evidence of the
delicate competition between these two tilt systems is
the fact that Damay et al. observed Imma domains in
electron diffraction patterns of ProsSrosMnOs3 taken at
room temperature, whereas a neutron powder diffrac-
tion analysis of the same sample indicated 14/mcm sym-
metry.*? It is also interesting to note that despite pos-
sessing nearly identical tolerance factors, ProsSrosMnO3;
is predominantly 14/mcm, whereas Lag17Ndo33Sros-
MnOj3 is mostly Imma. This difference may be caused
by the influence of the crystal field stabilization of the
4f electrons on Pr3*, similar to the structural behavior
of PrAlO3,% which adopts tilt systems, a“h%~ and
a%%~, not observed among the other LnAIO; com-
pounds.

The observations detailed in the preceding para-
graphs raise some interesting questions. Is the ratio
of A-site cations different in the Imma and 14/mcm
phases? If so, is this a consequence of kinetic limitations
or does it represent a state of thermodynamic equilib-
rium? Although our results do not provide conclusive
answers to these questions, a few comments are in
order. First of all, the unit cell volume of the Imma
phase is larger than that of the 14/mcm phase in all
three cases. This result may indicate a slight excess of
Mn3* in the Imma structure, implying either oxygen
vacancies or a small enrichment in A-site concentration
of the lanthanide ion. Second, even after a subsequent
annealing of the Lag 17Ndp 33SrosMnO3; sample at 1510
°C for 3 days, the two-phase nature of the sample
persisted. The former observation suggests that the two
phases have slightly different compositions, as one
would expect from the phase rule, whereas the latter
observation suggests that the two phases exist in
thermodynamic equilibrium.

Structure—Property Relationships. How do the
results of this study help to explain the phase dia-
grams of Figure 1? The evolution of the low-tempera-
ture magnetic state for LngsSrosMnO3; compounds
with decreasing [faldcan be understood in the fol-
lowing manner: the anisotropy in the Mn—O—Mn
angles in the 14/mcm space group favors preferential
occupation of the ey orbitals in the MnO(eq). layers.
This preference will favor the AFM-A state, which is
observed for PrgsSrosMn03.427° and apparently
Lap2sNdp 25SrosMnO3.1t A crossover to the FMM state
is observed for LagsSrosMnOs because the bandwidth
perpendicular to the MnO(eq), layers has now increased
to the point where the electrons become delocalized in
three dimensions.

(70) Kawano, H.; Kajimoto, R.; Yoshizawa, H.; Tomioka, Y.; Ku-
wahara, H.; Tokura, Y. Phys. Rev. Lett. 1997, 78, 4253.
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Upon cooling, NdosSrosMnO3 is known to undergo
charge ordering near 160 K, transforming into the AFM-
CE type structure.2870 Magnetization and resistivity
measurements suggest that Ndo 25Smg 25Sro sMnO3%2 and
Lag.17Ndg 33SrosMnQO3!! also transform to the charge-
ordered AFM-CE state at low temperatures. Interest-
ingly, these are the three compounds that display a—bfa~
(Imma) octahedral tilting. Figure 4b shows that the
Mn—O—Mn bond angle anisotropy is retained in these
compounds, but that the Mn—0O(eq)—Mn angles are
markedly smaller than in PrgsSrosMnOs and LagsSros-
MnOs. This anisotropy decreases the bandwidth in the
MnO(eq). layers and leads to complete carrier localiza-
tion at low temperatures (as evidenced in the resistivity
data). As discussed in the Introduction, this carrier
localization results in an AFM-CE ground state. Very
recent experiments have provided further evidence for
the correlation between tilt system and magnetic ground
state. Variable temperature neutron and X-ray diffrac-
tion measurements show that the Lag 17Ndg 33SrosMnO3
sample, which contains both Imma and 14/mcm domains
at room temperature, transforms to a mixture of AFM-A
and AFM-CE states at low temperature.

A change in tilt system (a~b%a~ —a~b*a~) and in the
low-temperature magnetic state (AFM-CE — FMM) is
once again seen with SmgsSrosMnQO3s. The reappear-
ance of the FMM state may seem surprising considering
that the Mn—O—Mn angles are becoming increasingly
distorted, which is known to decrease W, reduce carrier
mobility, and destabilize the FMM state. However,
increasing [wOwill also decrease the superexchange
stabilization of the AFM-CE state and, perhaps more
importantly, there is a sharp decrease in the anisotropy
of the Mn—O—Mn bond angles upon going to the a"b™a~
tilt system. This latter effect should favor the FMM
state because of its 3D character.

The large octahedral tilt angles associated with the
LnosCaosMnOg; series lead to a decoupling of the charge
ordering and Néel temperatures (LapsCagsMnOs3 is an
exception). This phenomenon has been discussed by
Kumar and Rao’* who attribute it to increased carrier
localization and a decrease in the superexchange inter-
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action with decreasing bandwidth. The latter effect
decreases Ty, whereas the former stabilizes the charge
ordered state, increasing Tco. The steady increase in
[wOas [faldecreases across the LngsCagsMnOs3 series
supports this picture.

Summary

A systematic study of structural trends as a function
of the average radius of the A-site cations, falJhas been
carried out in the LngsA05MnO3 perovskite system. The
structural response to a decrease in [fallis an increase
in the magnitude of the octahedral tilting distortion. The
average distortion of the Mn—0O—Mn angles from 180°,
@) increases proportionally to the decrease in [Fal]
whereas the average Mn—O distance remains essen-
tially constant. This result is in agreement with previ-
ous studies of other LnMO3 perovskite systems. How-
ever, there are several features of the LngsAosMnOs3
system that are more complicated than those typically
encountered in LNnMO3; systems.

When the tolerance factor, ti2, is smaller than ~ 0.98
(ts < 0.94), the GdFeO3; octahedral tilting distortion
(space group = Pnma, tilt system = a~b*a") is observed.
This result is also consistent with the behavior observed
in other perovskite systems. However, as the tolerance
factor increases above 0.98, a transition from Pnma first
to Imma and then to 14/mcm occurs. This transition
corresponds to the elimination first of the in-phase
tilting about the b axis, and then the out-of-phase tilting
about the a axis (a“b™a~ — a“b%a~ — a%a’%"~). The
structures that result from the latter two tilting distor-
tions have Mn—0O(eq)—Mn bond angles that are signifi-
cantly larger (4—6°) than the Mn—O(ax)—Mn bond
angles. This difference has important consequences for
the carrier transport and magnetic coupling interac-
tions, stabilizing the AFM-A and AFM-CE states with
respect to the FMM state. Changes in the room-
temperature space group (Pnma — Imma — I4/mcm)
occur at essentially the same values of [fallat which
changes in the low-temperature magnetic state (FMM
— AFM-CE — AFM-A) occur. There is some evidence
to suggest that short-range layered A-site cation order-
ing is responsible for stabilizing the Imma and 14/mcm
structures over the R3c structure found over a similar
tolerance factor range in LnMOj3 systems.

Long-range ordering of occupied egy orbitals and the
development of a cooperative JT distortion is evident
at room temperature in Y 25SMg 25Cag sMnO3 and Smo s-
CapsMnO3. Analysis of the Mn—0O bond lengths sug-
gests a partial confinement of the carriers in the
MnO(eq), planes for compounds adopting the Imma and
14/mcm structures.
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