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Polycrystalline samples of the layered perovskites
La;Sr;MgMnQOg and La;Sr,ZnMnQOg have been studied by
X-ray and neutron powder diffraction, electron diffraction and
magnetometry. X-ray and neutron powder diffraction indicate
that the average structure is that of K;NiF,, with disordering
of Mn and (Zn, Mg) cations over the octahedral sites. Electron
diffraction data indicate that cation ordering is present over
these sites in the xy planes, with the xy ordered planes
being stacked in a disordered manner along z. No long-range
magnetic ordering is observed in the temperature range
5<T (K)<300. © 2002 Eisevier Science (USA)
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1. INTRODUCTION

In a previous paper (1), we reported the structures of
LasLiMnOg and LasSrLiMnQOg, which were shown to
possess structures related to that of K,NiF, (2). The Li and
Mn cations were shown to be completely ordered within
the xy sheets of corner-sharing LiO¢—MnOg octahedra,
with these sheets being stacked in a disordered manner in
the z direction. This contrasts with the expected Ammm
crystallographic model (Fig. 1), in which the ordering
occurs along all three crystallographic axes. Many of the
concepts traditionally associated with crystallography were
shown to be inapplicable, and the phases were best
described within the paracrystal formalism (3, 4), The
main Mn—Mn superexchange was shown to occur through
a single d orbital (xy), and La;SrLiMnOg was shown to be
an example of a quadratic layer Heisenberg system. The
purpose of the present work is to extend the previous
study, and to determine whether the features uncovered
therein are general to mixed systems which are polytypes of
the K,NiF, structure. A number of these polytypes have
been investigated in the past (5-13). The cations now
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chosen for investigation are Mn along with either Zn or
Mg. This choice was made as Zn and Mg are expected to be
electronically inactive, and thus place the same restriction
on Mn—Mn exchange coupling routes as was the case
for the La/Sr/Li/Mn/O systems. Both compounds have
been prepared previously, and were reported to adopt
an unusual structure in space group P422, with xy Mn:
(Zn, Mg) ordered layers interleaved with xy disordered
layers (14).

2. EXPERIMENTAL

Both La;Sr;MnMgOg and La;Sro,MnZnOg were synthe-
sized using standard ceramic methods. The starting
materials, La;O3 (99.999%, Alfa), SrCO3 (99.994%, Alfa),
MnO; (99.999%, Alfa), ZnO (99.99%, Johnson—Matthey)
and MgO (99.9955%, Alfa) were used as received, apart
from La;O3; which was dried at 800°C prior to use. The
heating sequence employed for both samples was as
follows: 800°C, 24h, 1200°C, 48h (0O), 1350°C, 48h,
(02), 1350°C, 48 h (air).

X-ray powder diffraction data suitable for Rietveld
analysis were collected on a Siemens D5000 diffractometer
scanning in Bragg-Brentano geometry over the angular
range 10<20 (°)<120, 1 = 1.54059 A, A20 = 0.02°. Neu-
tron powder diffraction experiments were performed at
room temperature on the time-of-flight instruments HRPD
and GEM, both at ISIS, Rutherford—Appleton Labora-
tories. Rietveld analyses (15, 16) were performed using the
GSAS program suite (17). In the case of La;Sr,ZnMnQOg
data collected on three of the GEM detector banks were
analyzed simultaneously, whereas in the case of
La,;Sr,MgMnQg only data collected on the back-scattering
detector bank of HRPD were analyzed. Both samples were
also studied by electron diffraction. Selected area electron
diffraction (SAED) patterns were obtained by use of a
double-tilting goniometer stage (+ 30°) to tilt the specimen
in a JEOL 2000 FX transmission electron microscope. The
finely ground powders were suspended in hexane and
placed on lacey carbon-coated copper grids. Magnetometry
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FIG. 1. Idealized views of Ammm B-site ordered K,NiF, structure
type; (a) [100], (b) [010] and (c) [001] projections for 1:1 ordering are
shown.

experiments were performed on a Quantum Design MPMS
SQUID DC magnetometer, measuring both after cooling
in zero field and after cooling in the applied measuring field
of 100 Oe.

3. RESULTS

3.1. X-Ray and Neutron Powder Diffraction

The X-ray powder diffraction data for La;Sr, BMnOg
(B=Zn, Mg) could be indexed on the basis of an
unexpanded tetragonal K,;NiF,-like unit cell. Rietveld
refinements of the data proceeded satisfactorily, and
converged swiftly to stable, chemically reasonable minima
(La,SroMnMgOs: 72 = 1.205, Ry = 8.84%, R, = 6.96%;
La,SroMnZnOs: x* = 2.184, Ry, = 12.70%, R, = 9.69%).
Refinement of La;Sr,MnZnOg required the incorporation
of a small amount of La(OH); into the model as a second
phase. This phase is diamagnetic and is not expected to
affect the interpretation of magnetometry data. The change
in oxidation state of Mn as a result of the slight non-
stoichiometry of the main phase is also likely to be small
enough to be negligible.

Results of a Rietveld analysis of neutron powder
diffraction data collected on GEM for La,;Sr,ZnMnOg
are shown in Fig. 2a, with a K,;NiFy-like starting model
used. The scattering lengths of Mn and Zn are —3.73(2)
and 5.680(5) fm, respectively (18), and thus any cation
ordering on the six-coordinate site over the length scale
probed by a neutron powder diffraction experiment should
be visible. It can be seen (Fig. 2a) that an excellent fit of the
data is obtained by using a model which contains no cation
ordering (overall goodness-of-fit indicators for three
histogram refinement: y>=2.222, Ryp=3.98%, R,=4.35%).
The structural parameters derived from this refinement are
given in Table 1. A small contribution to the diffraction
pattern from the presence of a La(OH); impurity phase
was again included in the model. It can be seen in Table 1
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that the Zn/Mn—Og¢ octahedra are elongated along the
fourfold axis. This is a common feature of the chemistry of
K, NiF,-like structures, and is a result of the greater ease of
relieving chemical pressure in this direction. The atomic
displacement parameter for the octahedrally coordinated
Mn/Zn site is anomalously large; this reflects the relative
insensitivity of neutron powder diffraction to that site,
which is occupied in a disordered manner by cations with
scattering lengths of opposite signs. Refinements using the
orthorhombic Ammm space group, which allows for cation
ordering, did not lead to an improvement in fit. Compar-
ison of simulated patterns indicated that the refinement
would have been sensitive to cation ordering at the 45:55
level.

Neutron powder diffraction data for La;Sr,MgMnQOg
collected on HRPD at room temperature are shown in
Fig. 2b, along with the results of a Rietveld analysis
(> = 1.192, Ryp =9.01%, R, =7.49%). The scattering
lengths of Mn and Mg are —3.73(2) and 5.375(4) fm,
respectively (18), and thus any cation ordering on the
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FIG.2. Observed (m), calculated (—) and difference profiles of:
(a) La;Sr,ZnMnOg (GEM 90° detector bank); the lower set of tick-marks
indicate reflections from the main phase; the upper set represent reflections
from the La(OH); second phase. (b) La,Sr,MgMnOg (HRPD).
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TABLE 1
Refined Atomic Coordinates for La,Sr,MnZnOg and
La,;Sr,MnMgOs. Atomic Positions: La/Sr, 4e, (0, 0, z); (Mg/
Zn),/Mn, 2a, (0, 0, 0), O1, 4e, (0, 0, z); 02, 4c, (3, 0, 0)

La,Sr,ZnMnOg La,;Sr,MgMnOg
a (é) 3.85503(3) 3.84863(1)
¢ (A) s 12.5960(2) 12.59344(6)
Volume (A™) 187.193(3) 186.534(1)
La/Sr
z s 0.36006(7) 0.35964(6)
Uiso (A7) 0.0052(2) 0.0111(4)
Mn/(Mg|Zn)
Uso A 0.046(4) 0.027(3)
(O]
z . 0.16631(9) 0.16632(9)
Un (’?‘2) 0.0161(5) 0.0206(6)
Us; (A) 0.0156(6) 0.0200(7)
0, 5
Un (/}2) 0.0052(6) 0.0114(7)
Uxn (éz) 0.0081(6) 0.0127(8)
Usys (A) 0.0081(6) 0.0140(8)
Bond lengths (A)
Mn,(Mg/Zn)-O; x 2 2.095(1) 2.094(1)
Mn,(Mg/Zn)-0, x 4 1.92752(1) 1.92432(1)
La,Sr-O; x 1 2.440(1) 2.435(2)
La,Sr-O; x 4 2.7461(2) 2.7409(2)
La,Sr-O; x 4 2.6120(5) 2.6129(5)

length scales probed by neutron powder diffraction should
be visible. It can be seen that the data can be fitted well to a
K;NiF4-like model in which Mn and Mg are disordered
over the B-sites. Structural data derived from this
refinement are tabulated in Table 1.

As was the case for La,Sr,ZnMnOg, the atomic
displacement parameter for the octahedrally coordinated
Mn/Mg site is anomalously large, with the standard
deviation being an order of magnitude greater than that
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of the other sites. This is again likely to reflect the opposed
scattering lengths on that site, which reduce the mean
scattering length to only 1.645(4) fm. The atomic displace-
ment parameters for the other atoms are also relatively
large, and we take this to indicate that significant static
displacements occur in this structure as a consequence of
the disorder on both the La/Sr and Mn/(Mg, Zn) sites.

3.2. Electron Diffraction

Figures. 3a and 3b present selected area diffraction
patterns collected on La,Sr,MgMnOg in the [111] and [110]
projections, respectively. The patterns could not be indexed
using the 74/mmm unit cell used in the neutron powder
diffraction studies discussed above; rather a cell of
dimensions \/2a x \/2a x ¢ was employed. It can be seen
that the [111] pattern shows evidence for superstructure
reflections with respect to the basic /4/mmm cell, and the
[110] pattern is similar to those for LasLiMnOg and
La3SrLiMnOg (1), with i & £ rods of weak scattering being
visible parallel to c*. These features are indicative of a
structure with two-dimensional characteristics, that is
ordering is present in the xy plane, but there is no repeat
periodicity along z. These patterns suggest that the
structural chemistry of La;SryMgMnOQOyg is similar to that
of LayLiMnOg and La3;SrLiMnOg (1), with cation ordering
within the xy perovskite sheets, these sheets being stacked
in a disordered manner in z.

Figure 3c presents a selected area electron diffraction
pattern from the [110] zone axis of La>Sr,ZnMnQg. It can
be seen that very weak areas of intensity are present, half-
way between the main reflections within experimental error
(+0.5% in 1/d), indicated as I and II. These weak features
appear to be either diffuse, somewhat modulated rods, or
Bragg reflections indicative of a large superstructure in z.
Given the extremely weak intensity, it is not possible to
determine unambiguously which of these possible inter-
pretations is correct. The weakness of the features suggests
that the difference in contrast is due to real-space ordering
of Mn** and Zn?*. If this is the case, an interpretation of
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FIG.3. (a)[l111] and (b) [110] zone axis SAED patterns of La,Sr;MgMnOg. Both cells are indexed using a \/Ea X \/Ea x ¢ unit cell. (c) [110] zone
axis SAED pattern of La,Sr,ZnMnOg. I and II are the rods referred to in the text.
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these data in terms of cation ordering in xy, with
disordered stacking of these xy layers in z is reasonable.
Whether the possible modulation of the rods is intrinsic to
the crystal, or simply due to a combination of statistical
disordering in z and the limited area of the crystal studied is
unclear. Given the highly similar electron scattering factors
of Zn*>* and Mn**, it is unlikely that a high-resolution
microscopy study would shed light on this matter.

3.3. Magnetization Measurements

Molar magnetic susceptibilities for La,Sr,MgMnQOg and
La,Sr;ZnMnOg are presented in Figs. 4a and 4b, respec-
tively. It can be seen that both phases are best described as
paramagnets in the temperature range 50< 7(K)<300.
Below this temperature, the susceptibilities cannot be
described using the Curie—Weiss law, even with the
inclusion of a temperature-independent term. Fits to the
Curie—Weiss law yielded negative Weiss constants (—39.1(8)
and —64.3(8) K, respectively, for La,Sr,MgMnOQOg and
La,Sr,ZnMnOQg), indicative of anti-ferromagnetic ex-
change interactions between Mn ions. This is in accord
with the proposed exchange model for a B-site ordered
material (1). The Curie constants derived from the fits are
1.934(5) and 1.875(9)emumol~' K~!, respectively, which
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FIG.4. Zero-field-cooled and field-cooled susceptibility (100 Oe) for
(a) La;Sr;MgMnOg and (b) La,Sr,ZnMnOg.
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can be compared with the spin-only value for Mn*" of
1.875emumol ' K~'. Attempts to fit the susceptibilities to
a quadratic layer Heisenberg model (19) were not success-
ful.

4. DISCUSSION

The structures of both of the compounds presented are
best described on the X-ray and neutron diffraction length
scale as tetragonal, 74/mmm, with a statistical (random)
distribution of Mg/Zn and Mn over the six coordinate
sites, using a K, NiF4-like unit cell. This is in contrast to the
findings of Byeon et al. (14). Simulations were performed
using the reported structure, and those of the disordered
14 /mmm cell. No difference was apparent between the two
simulations, and we thus conclude that X-ray powder
diffraction is insensitive to ordering of the type reported by
Byeon, and that the space group I4/mmm is a suitable
description of the X-ray powder diffraction data. We note
the contrast to LaysLiMnOg and La3;SrLiMnOg (1), which
could be thus described on the length scale of an X-ray
powder diffraction experiment, but on the length scale
probed by a neutron diffraction experiment were best
considered as possessing expanded unit cells of dimensions
\/Ea X \/Eb x ¢, where a, b and c¢ here refer to the
tetragonal K,NiF4-like cell, albeit with strong disordering
along c¢. This ordering was apparent when the Mn sites
were ‘labelled” with an ordered spin; without this spin
‘label’ the similarity in scattering lengths of Li and Mn
prevented the two sites being distinguished. Given the large
difference in neutron scattering lengths of Mg/Zn and Mn,
if LapSr,MgMnQOg and La;Sr,ZnMnOg possess similar
structures to those of LasLiMnOg and La3;SrLiMnOg, we
would expect to see evidence for long-range cation ordering
in the room temperature neutron powder diffraction
patterns. That scattering due to such long-range ordering
is not apparent is taken to indicate that the cation ordering
occurs over far smaller xy regions in the Zn and Mg
substituted materials than in the Li analogs, below the
length scales probed by neutron powder diffraction.

Evidence of ordering in xy, albeit with similar structural
paracrystallinity to that observed in the Li-analog, is
provided by the electron diffraction experiments described
above, and thus it would appear that the xy cation ordering
in LaySryMgMnOg and La,;Sr;ZnMnOg occurs on a length
scale lower than that of a neutron diffraction experiment,
but greater than that an electron diffraction experiment.
This suggests that 2D, chessboard-ordered clusters exist
over a small xy length scale, and are broken up either by
disordered regions, or by linear defects.

The magnetic behavior of La,SroMgMnOg and
La,Sr,ZnMnOg likewise contrasts with that of LasLiMnOg
and La;SrLiMnOg. For the Li-containing phases,
magnetic ordering was apparent from the susceptibility
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FIG.5. Schematic representation of the m superexchange pathway
in the xy plane of the K,yNiF, structure with cation ordering over the
octahedral sites.

measurements around 20 K, whereas for the Mg and Zn
materials, there was no clear evidence for a magnetic
transition in the temperature range 5S<T7T(K)<300. A
possible explanation for this behavior is that the presence
of the relatively electronegative Mgt or Zn2* on the site B’
(Fig. 5) causes a greater withdrawal of electron density
from the bridging O?~ pr orbitals leading to a weakening
in the Mn-O-O-Mn coupling between the Mn** centres.
This is in contrast with the Li-containing analogues, in
which interactions between next-nearest neighbor sites
(Mn—Mn) were significant. Furthermore, the lack of long-
range xy cation ordering, as suggested by the neutron
diffraction experiments, is expected to oppose the forma-
tion of a long-range ordered magnetic ground state. Given
the bond percolation threshold of 50% for a square lattice
(20), it is unlikely that long-range magnetic ordering will be
favored, especially as, in the absence of strong next-
nearest-neighbor interactions, the presence of short-range
cation ordering is expected to raise this threshold
significantly.

5. CONCLUSION

The structural and magnetic chemistry of La;SryMgMnOg
and La;Sr,ZnMnQOg provides a contrast to that of
isoelectronic LazSrLiMnOQOg. Substitution of Lit with the
divalent Mg>* or Zn>*, while changing the La/Sr ratio to
preserve the Mn** charge, has had the effect of greatly
reducing the inter-Mn coupling constant J. This is thought
to be a result of the increased electronegativity of Mg>*
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and Zn>* with respect to that of Li*, causing a decrease in
electron density at the bridging pn oxide ions. Further, the
electron diffraction data indicate that complete xy cation
chessboard-type ordering occurs locally, with the chess-
board layers stacked randomly along z. This xy ordering
does not persist over the length scale probed through
neutron or X-ray diffraction, and thus the formation of
finite sized areas, ordered in xy, seems likely. This is
expected to suppress the formation of long-range magnetic
order on cooling.

Although both La;Sr,MgMnOg and La,;Sr,ZnMnQOg
possess structures which are different to those of the Li-
containing phases, the structures of these materials are not
as simple as X-ray and neutron diffraction might suggest.
From these studies, it appears likely that the structures of a
number of K,;NiF4-like materials which appear disordered
over the X-ray and neutron length scale, perhaps including
phases related to the superconducting La; ,Sr,CuQy, are
actually ordered over the length scales relevant in the study
of electronic properties. This suggests that caution should
be used in interpreting the electronic structure and
chemistry of K;NiF,4-like materials in terms of the
diffraction-averaged structures observed.
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