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ABSTRACT: The new compounds NaLaFeTaOg4 NaLaFeNbOg NaLaMnTaOg, and
NaLaMnNbOg have been synthesized and characterized with a combination of transmission
electron microscopy, X-ray powder diffraction (XRPD), neutron powder diffraction (NPD),
and magnetization measurements. Through electron microscopy study, a local layered order
of the A-cations has been detected without the typical occurrence of rock salt order at the
B-cation site. Satellite reflections in the electron diffraction related to the local layered order
are not visible on the XRPD or NPD patterns. The occurrence of local layered order is
supported by pair distribution function analysis, which also reveals the presence of uncorre-
lated displacements of the Nb and Ta cations. The octahedra are tilted according to the system
a bta~, and the coordinates were refined from XRPD and NPD with a disordered cation
distribution in the space group Pnma. The magnetic exchange interactions in NaLaFeTaOg
and NaLaFeNbOg are antiferromagnetic, while they are ferromagnetic in NaLaMnTaOg and
NaLaMnNbOg. Long-range magnetic ordering is not observed down to 4 K for any of the

compositions.
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B INTRODUCTION

The aristotype ABX; perovskite structure has a cubic unit cell,
space group Pm3m, with the A-cations located in the cuboctahe-
dral centers created by the three-dimensional network of corner-
sharing BO4 octahedra. Cation order—disorder plays a critical
role in the control of the crystal structure and the properties of
many complex perovskite-type oxides. Superconductivity, colos-
sal magnetoresistance, ferroelectricity, multiferroic behavior,
magnetic ordering, piezoelectricity, and electronic and ionic con-
ductivitPr strongly depend on the degree of order of the A- and/or
B-sites. * The rock salt-type B-site ordering is the most
commonly observed one, and over 400 examples have been re-
ported.® Several comgrehensive reviews about B-site ordering
have been published.® ® Only a few Cu-based perovskites are
demonstrated to have an unusual layer-by-layer ordering on the
B-site: Ln,CuSnOg (Ln = La, Pr, Nd, Sm), La,_,Sr,CuSnOg4 and
La,CuZrOg" "' Such unique layered ordering is believed to be
driven by a strong first-order Jahn—Teller (FOJT) distortion of
the CuOg octahedra, which results in four short in-plane Cu—O
distances and two long apical ones nearly perpendicular to the
(Cu0,) and (SnO,) planes. Most recently, short-range layered
ordering in perovskite NaNb, _,Ta, O3 was surprisingly observed
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by electron microscopy.'” The authors suggested that the only
reasonable explanation for this unexpected ordering was the
difference of electronegativity between Nb°" and Ta®".
Moreover, layered ordering of the A-site cations among
stoichiometric double perovskites has been observed in NaLaB-
WOjg (B = Mg, Ni, Co, Mn), NaLnMnWOs (Ln = Ce, Pr, Nd,
Sm, Gd, Dy, Ho), and NaLnMgWOyg (Ln = Ce, Pr, Nd, Sm, Eq,
Gd, Tb, Dy, Ho),13 NaLaScNbOg,'* and KLaMnWO4.* Several
common features can be therefore found: A-sites are occupied by
the alkaline metal Na (or K) and rare-earth elements with a
charge difference of 2; in most cases the B-sites are occupied by
bivalent cations and W®" with the only exception of Sc®* and
Nb*". In a recent review,'? it is concluded that A-site layered
ordering is stabilized by the presence of a highly charged d° cation
with second-order Jahn—Teller (SOJT) effect on one of the
B-sites and also associated with B-site rock salt-type ordering, in
the so-called “doubly-ordered” perovskites. It is very interesting
that A-site layered and B-site rock salt orderings are synergistic,
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and the removal of one leads to the disappearance of the other.
One demonstration is the coupled orderings in NaLaMgWOy,
but the absence of A-site order in NaLaTi,O4 Moreover, it
should be noted that several doubly ordered perovskites, Na-
LaMnWOg4, NaNdMnWOyg, and NaTbMnWOg, adopt a non-
centrosymmetric structure with P2, symmetry arising from the
combination of the cation orderings and @ a ¢ octahedral
tilting.® Thus, the presence of both SOJT distortions of the d°
cations and magnetic ions in such compounds potentially could
lead to multiferroic behavior.

Examples of layered ordered A-site perovskites are relatively
few. The above-mentioned B-site layered ordering of Ta>* and
Nb>* in NaNb,_,Ta,O; and A-site layered ordering in Na-
LaScNbOg, which is the only case without W in the B-site,
motivated us to explore NaLaBB'Og4 (B = Mn, Fe; B’ = Nb, Ta).
The choice of cations with and without FOJT effect, Mn®*" and
Fe*™, together with Nb>" and Ta>", with large differences of
SOJT effect, allowed a systematic investigation presented here.
Interestingly, all four perovskites show short-range layered A-site
ordering, established by high-resolution transmission electron
microscopy (HRTEM) and high-angle annular dark field STEM
(HAADF-STEM). And importantly, the degree of the short-
range ordering is, as expected, the highest in NaLaMnNbO and
the lowest in NaLaFeTaOyg, with the other two as intermediate.
Detailed structural studies by X-ray/neutron powder diffraction
(XRPD and NPD), total scattering, and electron microscopy
(EM) are presented.

B EXPERIMENTAL SECTION

NaLaBB'Og (B = Mn, Fe; B’ = Nb, Ta) were synthesized by con-
ventional solid-state reactions in air. The starting materials, including
La,0; (obtained by the dehydration of La(NOs);-6H,O at 800 °C),
Na,CO; (Alfa Aesar, 99.997%), Mn,O5 (Aldrich, 99.999%)/Fe,05
(Alfa Aesar, 99.99%), and Nb,Os (Alfa, 99.9985%)/Ta,0O5 (Aldrich,
99.99%), were ground thoroughly in a molar ratio Na:La:B:B’ = 1:1:1:1
in an agate mortar, pressed into a pellet, heated up to 1000 °C slowly,
and maintained for 12 h. After this prereaction, the sample pellet was
wrapped in Pt foil and further annealed at 1350 °C for 120 h with several
intermediate regrindings. The purity of the products was confirmed by
XRPD, which indicated no visible impurity reflection peaks.

XRPD data were recorded on a Bruker D8-Advance diffractometer
(in Bragg—Brentano geometry with Cu Kot radiation, 4 = 1.5406 A,
SOL-X solid state detector, 40 kV and 40 mA, step scan 10—120°/
0.02°/15s). The refinements of the crystal structures from PXRD data
was performed by the Rietveld method with the TOPAS software.'”

Samples for electron microscopy were prepared by dispersing the
powder in ethanol and depositing it on a holey carbon grid. Selected area
electron diffraction (SAED) patterns were obtained on a Philips CM20
transmission electron microscope. HRTEM and HAADF-STEM were
obtained with a Tecnai G2 transmission electron microscope. The com-
position of the samples was determined with energy dispersive X-ray
(EDX) analysis performed with a JEOL JSMS5510 scanning electron mic-
roscope on S0 crystallites for each sample; the Philips CM20 transmis-
sion electron microscope on each crystallite studied for electron diff-
raction, both instruments equipped with the Oxford INCA system.

The X-ray total scattering data used to obtain the pair distribution
function was collected at the 11-BM beamline of the Advanced Photon
Source at Argonne National Laboratory. The powder samples were
loaded in capillaries. Data was collected on a flat plate detector with an
X-ray wavelength of 0.1365 A. The intensities of the powder diffraction
rings were integrated with the program FIT2D."®" Data reduction to

obtain the G(r) function was carried out with the program PDFgetXZ.20
The Quax was 25 A~ " in all cases.

The neutron total scattering data used for Rietveld refinement and for
pair distribution function analysis was collected on the HIPD instrument
of the Lujan Neutron Scattering Center of Los Alamos National
Laboratory. Data was collected at 300 and 4 K for each sample. Rietveld
refinements were carried out with the GSAS/EXPGUI software pack-
age.”"?* Reduction of the neutron data to obtain the pair distribution
function, G(r), was done with the program PDFgetN with a Qp,y of
32 A~ Refinements of both the X-ray and neutron PDFs were done
with the program PDFgui’* The following definition of the pair
distribution function is used in this study: G(r) = 4ar[p(r) — pol,
where p(r) is the microscopic pair density, p, is the average pair density,
and r is the radial distribution.

The dc magnetic susceptibility measurements were carried out on
powder samples with a Quantum Design MPMS-XL superconducting
quantum interference device (SQUID) magnetometer. Powder samples
were placed in a gelatin capsule fastened in a plastic straw for immersion
into the SQUID. Typical zero-field cooling (ZFC) and field-cooling
(FC) magnetizations in the temperature range of 5—300 K were
performed under external magnetic fields of 1 kOe. The isothermal
magnetization curve was measured at 5 K up to 50 kOe.

B RESULTS AND DISCUSSION

TEM Study. The compositions of the samples as measured by
EDX analysis are Laj o(1)Na,Fey 00(6)T21.00(6)O0y Laro)Na,-
Mngo4(12)Ta1.06(12) Oy Laro(4)NaFe1 o(3)Nby 0(3)0y, and Lay o(2)-
Na,Mng o4(12)Nby 06(12)0,. The oxygen and sodium contents of
these powder samples cannot be directly measured with EDX. All
measured compositions are within the range of the nominal com-
position and for the remainder of the text they will be referred to by
those nominal compositions.

SAED patterns were recorded from a large number of crystal-
lites and zones of each sample; representative patterns of the four
samples are shown in Figure 1. The patterns can all be indexed
with unit cell parameters approximately a = ay\/2, b = 2a,,
¢ = a,+/2, where a, is the unit cell parameter of the parent
perovskite aristotype.

The reflections hkl: h + k 4 | = 2n + 1 are streaked when
present, the hkl: h + k + | = 2n reflections are not streaked.
Because of the presence of 90° rotation twins, the streaked
reflections are present in the [101] pattern along two perpendi-
cular directions, and the [101] pattern is overlapping with the
[010] pattern; the reflections at 1/2(oeo) (o = odd, e = even) in
the [101] indexation shown on the pattern are therefore actually
hOl: h + 1 = 2n + 1 reflections belonging to the [010] zone.
Heating the samples inside the microscope does not reveal any
changes in the ED patterns, which indicates that these streaks are
not related to an incomplete phase transition.

To determine the origin of the streaked character of the hkl:
h + k+1=2n+ 1 reflections, HRTEM and HAADF-STEM
images were obtained. The contrast of HRTEM images is
sensitive to structural modifications such as cation ordering, oxy-
gen vacancies, and atomic displacements, even of oxygen posi-
tions. The contrast in a HAADF-STEM image is only negligibly
influenced by the oxygen positions and is mainly dictated by the
occupation of the cation columns. The higher the average Z of
the column, the brighter the dot will be that represents that
column; the brightness is related to the average Z along the
atomic column as ~Z" (1.5 < n < 2).
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Figure 1. SAED patterns of the main zones of the four samples: (a)
NaLaFeTaOg, (b) NaLaMnTaOg, (c) NaLaFeNbOg, and (d) Na-
LaMnNbOy. Reflection on [101] + [010] are indexed as in [101].

A HRTEM image of NaLaFeNbOy along [101], (p refers to
the perovskite subcell) is shown in Figure 2. In this HRTEM
image the bright dots are associated with the cation positions.
There are rows of less bright dots (indicated by white arrows)
with a preferential periodicity equal to b = 2a, ~ 7.8 A. The
HRTEM image does not, however, show unambiguously the
reason for the contrast difference. Figure 3 shows the HAADF-
STEM images for the four different compounds along that same
[101] p direction. These images also locally show rows of darker
dots, with a distance of approximately 7.8 A between the rows. If
the origin of the difference in brightness between the dots on the
HRTEM image would be due to the tilting of octahedra, which is
only a displacement of oxygen atoms, it would not have any effect
on the HAADF-STEM images. Therefore, the brightness differ-
ence is attributed to a local ordering of the cations, more
specifically, a layered order of either the A- or the B-cations.
We can pinpoint which cations show the layered order by
considering the average Z of the A and B columns for the
compounds NaLaFeTaO4 and NaLaMnTaOg. In these com-
pounds the average Z along the B-cation columns is much higher
than that along the A-cation columns. Consequently, on the
HAADF-STEM images of these two compounds the brighter
dots belong to the projected B-cation columns. The alternation
of brighter and darker rows of dots appears for the overall less

Figure 2. HRTEM image of NaLaFeNbOs along [101]. A calculated
image is set in the experimental one and is indicated with a white border.
A scheme of the model used for the calculated image is shown in the
bottom right corner.

[0

Figure 3. HAADF-STEM images of (a) NaLaFeTaOg, (b) NaLaMn-
TaOg, (c) NaLaFeNbOyg, and (d) NaLaMnNbOg along [101].

bright A-cation columns, and therefore we conclude that the local
layered order occurs on the A-cation site. It should be pointed
out that a layered order of Na vacancies would give the same
appearance to the HAADF-STEM image; however, none of the
techniques used in this study indicated such occurrence of Na
vacancies.

Since layered A-cation order in the literature so far is al-
ways accompanied by rock salt-type order at the B-cation
site, HAADF-STEM images along (101),, zones were taken of
NaLaMnTaOyg, a compound with a clear difference in Z between
the B and B’ cations. This compound with B = Mn (Z = 25) and
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Figure 4. HAADF-STEM image along [001] of NaLaMnTaOy, show-
ing the absence of a chessboard ordered pattern in the brightest rows,
thus the absence of rock salt-type order at the B-cation site.

B’ =Ta(Z=73) should show a clear chessboard order of brighter
and less bright dots in the HAADF-STEM images of the (101),
zones in the case of rock salt-type order of these B—B’ cations. A
representative image along [001] of NaLaMnTaOg is shown in
Figure 4 and it is clear that no such order is visible; therefore, the
layered A-cation order in the current compounds is not accom-
panied by rock salt-type B-cation order. In this image the darker
rows at the A-cation positions are also visible, similar to Figure 3.

It is clear from these images that the order is not long range;
twinning and antiphase boundaries occur on a very local scale.
The streaking of the first set of extra reflections originates from
this local character of the order. The streaks are more pro-
nounced in Figure 1d compared to those in Figure 1a; Figure 1b,c
show an intermediate intensity of the streaking. On the HAADF-
STEM images this corresponds to an increase in the amount of
the A-cation order: Figure 3a (corresponding to Figure 1a, NaLa-
FeTaOg4) shows a more random distribution than Figure 3d;
unfortunately, the smaller difference in average Z between the
AA’ and the BB’ cation columns decreases the contrast in (c) and
(d) of Figure 3, which is of course unrelated to the amount
of order.

Taking into account the occurrence of local ordering of the
A-cations, it is possible to determine the potential space groups
with the systematic method specific for perovskites containing
both tilted BX¢ and layered ordering of the A-cations established
by Kishida et al.*® It is only sensible to do this for the sample with
negligible streaking and clear reflections, NaLaFeTaOyg, and even
there the determined space group will not serve for further
refinements, because of the large amount of twinning and
antiphase boundaries, which makes the space group applicable
to nanometer-sized domains only. For this determination, tilt
series are taken from (111), to the different (100), zones lying
within the tilting range of the TEM used (90° tilt range around
one axis, 60° around the second axis). One such set of SAED
patterns taken from a very thin area of NaLaFeTaOg is shown in
Figure 5. To be able to refer in a clear manner to the paper by
Kishida et al,, the indices on Figure 5 are related to the perovskite
parent structure, as indicated by the subscript “p” (a,* = a* 4 ¢¥,
b,* = 2b*, ¢,* = —a* + ¢*). Cross-referencing with the table in
Kishida et al. leaves for this set only one possible indexation,
which is the one shown on the figure (Figure S). Superstructure
reflections observed in [111], are assigned to the 1/2(oeo),
type, assuming that the layered ordering of A-cations occurs
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Figure S. ED patterns taken from NaLaFeTaOg projected along the
[111],, [110],, [101],, and [011], directions. Indices with subscript p
refer to the ideal perovskite structure.

along the b-axis of the ideal perovskite structure. In the [101],
there are two types of superstructure reflections indexed as those
of types 1/2(eoe), and 1/2(000),, while in [011], and [110],,
there is only one type of super-reflection indexed as 1/2(000),,.
The possible space groups that are consistent with these extra
reflections are P2,ma, P2/b, and Pmma. The difference between
them lies in the tilt system: P2,ma corresponds toa B a ", P2/b
to a B a, and Pmma to a B% ", where the capital letter
indicates the axis along which there is an ordered alternation of
the A-cations. Eliminating any of these possibilities requires the
performance of convergent beam electron diffraction (CBED),
which would allow us to discover the presence of mirror planes.
Unfortunately, CBED is not an option here since the nanoscale
twinning can lead to the appearance of more mirror planes in the
CBED patterns than there are in reality and therefore would not
give any conclusive answers about the symmetry.

A simulated image for a model with layered A-cation order has
been inserted in Figure 2; the model itself is shown in the bottom
right corner. The model that was used has a B a"; however,
along this projection the different tilt systems a B'a",a B a,
and a” B%awill give the same image. The image was calculated for
a focus value f = —240 A and thickness t = 117 A.

The reflections that correspond to the tilt system are strong on
the SAED patterns, and appear also on the XRPD patterns and
NPD patterns (following sections). The reflections correspond-
ing to the layered order are streaked and due to local order only.
The latter set is not distinguishable on the bulk X-ray or neutron
powder diffraction patterns. Therefore, using the space group
determined for the local order will be senseless for the refinement
of the XRPD/NPD patterns. On the other hand, the refinement
using XRPD or NPD will allow the determination of the correct
tilt system. The three tilt systems that are possible according to
the analysis of the electron diffraction patterns are a b a
a b a,and a b°a", which in conventional settings correspond
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Figure 6. Rietveld refinement of the XRPD patterns for NaLaBB'Og4 (B = Mn, Fe; B’ = Nb, Ta). The blue symbol O represents the observed pattern and
the red solid line is the calculated pattern; the blue marks below the diffraction patterns are the expected reflection positions, and the difference curve is
also shown in black below the diffraction pattern.

Table 1. Crystallographic Data Obtained from XRPD Re-
finements of NaLaBB'Og4 (B = Mn, Fe; B’ = Nb, Ta)

NaLaMnNbOg NaLaMnTaOg NaLaFeNbOg NaLaFeTaOg
MW (g-mol ") 405.75 493.79 406.66 494.70
space group Pnma Pnma Pnma Pnma
tilt system abta abta” abta abta
a (A) 5.569(1) 5.5580(1) 5.5609(2) 5.5608(2)
b (A) 7.8774(1) 7.8533(1) 7.86637(9)  7.86121(9)
c(A) 5.569(1) 5.5602(2) 5.5602(2) 5.5619(2)
V (A%) 244.34(9) 242.695(9)  24322(4)  243.14(1)
VA 2
radiation type Cu Kot A = 1.5406 A
diffractometer Bruker D8-Advance
scan method step/15s
20 values (deg) 20, = 10, 20,05 = 120, 26,4, = 0.02
p(g-m™?) 5.515 6.757 5.553 6.757
Rp (%) 4.96 3.84 479 335
Rwp (%) 6.63 5.07 6.65 447
gof 2.16 2.07 2.06 2.02

to the space groups Pnma (a b a~), C2/c(a b b~ ), and Imma
(a"b% ") for the case of total cation disorder, such as this local
order would be perceived by XRPD and NPD.

Rietveld Refinement of the X-ray and Neutron Powder
Diffraction Data. Rietveld refinements of the XRPD data for the
title compounds in Figure 6 show that the cell lattice sets are all
~y/2a, X 2a, X \/2a,. The refinements were carried out with
space group Pnma (No. 62), which lead to very good conver-
gence factors for all four compounds. All compounds appear to
be phase-pure. Crystallographic data obtained from the refine-
ment of the XRPD data is given in Table 1. Considering the
similar cation radii on the A- and B-sites (see the footnote of
Table 4), the very close cell volumes are understandable. The
occupancy factors for the disordered cations on both the A- and

2402

Table 2. Unit Cell Parameters Obtained from Refinements of
NPD Data

NaLaMnNbOg NaLaMnTaOg NaLaFeNbOgs NaLaFeTaOg
a (A) 5.5641(4) 5.5487(4) 5.5781(2) 5.5713(2)
b (A) 7.8654(8) 7.8563(5) 7.8790(3) 7.8700(4)
c(A) 5.5676(4) 5.5330(3) 5.5731(2) 5.5714(2)
V(A% 243.66(2) 241.20(9) 244.94(4) 244.29(1)

B-sites were allowed to refine and converged to values close
to 0.5.

Since the determination of the octahedral tilt system can
sometimes be ambiguous from XRPD data alone, NPD data
was collected on separate, larger sample batches which were
synthesized in a manner similar to that of the samples used for the
TEM and XRPD studies. As with the XRPD patterns, no super-
cell reflections corresponding to long-range cation ordering were
observed. Rietveld refinements were performed with the three
space groups suggested by ED, Pnma, C2/c, and Imma. In all four
cases the refinements with Pnma provided a far superior fit
(Figure S1 in the Supporting Information), confirming that this
is the correct space group assignment. The unit cell parameters
obtained from the NPD refinements are listed in Table 2, the
atomic coordinates are listed in Table 3, and selected bond
distances and angles are listed in Table 4. The results show
similar B—O bond distances and B—O—B bond angles for all
four compounds. The NPD patterns of the Fe compounds had
small (~2%) Fe,0; impurities, that were included as second
phases. The Mn compounds had larger impurities of LaMnOj,
which were also included in the refinements. The observed
impurity levels are consistent with the EDX results, which
show that the Fe compounds form with B/B’ ratios which are

dx.doi.org/10.1021/cm200226u |Chem. Mater. 2011, 23, 2398-2406
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Table 3. Atomic Coordinates and Displacement Parameters
for NaLaBB'O¢ (B = Mn, Fe; B’ = Nb, Ta) from Room-
Temperature NPD Rietveld Refinement

Table 4. Selected Bond Distances (A) and Angles (deg) in
NaLaBB'Og¢ (B = Mn, Fe; B’ = Nb, Ta)

NaLaMnNbOg NaLaMnTaO4 NaLaFeNbOg NaLaFeTaOg

La/Na—O (A) 2.424(4) 2.379(4) 2.391(4) 2.328(3)
2.567(3) x 2 2.548(3) x 2 2.540(2) x 2 2.556(2) x 2
2.697(3) x 2 2.707(4) 2.678(2) 2.650(2)
2.744(4) 2.735(3) x 2 2.737(2) x 2 2.742(2) x 2
2.818(3) x 2 2.765(3) x 2 2.784(2) x 2 2.763(2) x 2
2.877(4) 2.913(4) 2.951(2) 2.982(2)
3.069(3) x 2 3.071(3) x 2 3.125(2) x 2 3.1158(2) x 2
3.145(4) 3.158(4) 3.190(2) 3.254(3)
(A—0) (A) 2.791 2.783 2.798 2.797
B—O (A) 1.974(2) x 2 1.962(2) x 2 1.990(1) x 2 1.976(1) x 2
1.992(2) x 2 1.987(2) x 2 1.998(1) x 2 2.007(1) x 2
2.003(1) x 2 2.008(1) x 2 2.008(1) x 2 2.017(1) x 2
(B—0) (A) 1.990 1.986 1.999 2.000
t1 factor® 0.99 0.99 0.99 0.99
t2 factor” 0.98 0.98 0.98 0.98
B—O1-B (deg) 158.15(3) 155.90(2) 157.52(1) 154.61(1)
B—02-B (deg)  165.71(8) 165.56(8) 162.72(5) 163.02(6)

NaLaMnNbOg 7 y z occ. Ueq
La 0.0126(4) 0.25 —0.0034(7) 0.586 0.0159(3)
Na 0.0126(4) 0.5 —0.0034(7) 0.414 0.0159(3)
Mn 0 0 0.5 0.414 0.0011(2)
Nb 0 0 0.5 0.586 0.0011(2)
01 0.5005(5) 0.25 0.0682(2) 1 0.0130(4)
02 0.2686(2) 0.4740(1)  0.7337(4) 1 0.0139(2)
NaLaMnTaOg 6 y z occ. Ueq
La 0.0125(6) 0.25 —0.0051(7) 0.270 0.0190(3)
Na 0.0125(6) 025 —0.0051(7) 0.730 0.0190(3)
Mn 0 0 0.5 0270 0.0055(3)
Ta 0 0 0.5 0.730  0.0055(3)
01 0.4937(5) 025 0.0755(2) 1 0.0043(2)
02 02710(3) 04779(1)  0.7257(3) 1 0.0100(2)
NaLaFeNbOg x y z occ. Ueq
La 0.0159(2) 025 0.0021(6) 0.474 0.0139(1)
Na 0.0159(2) 025 0.0021(6) 0.526 0.0139(1)
Fe 0 0 0.5 0.474  0.0065(1)
Nb 0 0 0.5 0.526  0.0065(1)
01 0.4912(3) 025 0.0697(2) 1 0.0114(3)
02 02740(2) 04710(1) 0.7250(2) 1 0.0094(1)
NaLaFeTaOgq4 o y z occ. Ueq
La 0.0180(3) 025 0.0046(5) 0.470(1) 0.0119(2)
Na 0.0180(3) 025 0.0046(5) 0.530(1) 0.0119(2)
Fe 0 0 0.5 0.482(1) 0.0052(1)
Ta 0 0 0.5 0.518(1) 0.0052(1)
01 0.4879(3) 0.25 0.0786(2) 1 0.0089(3)
02 0.2726(2) 04719(1) 0.7233(2) 1 0.0072(1)

close to 1:1, while the Mn compounds tend to be slightly
deficient in Mn.

Refinements of the Local Structure from the Pair Distribu-
tion Function. The pair distribution function (PDF) method
allows the structure of a material to be probed at different length
scales. PDFs derived from X-ray and neutron total scattering data
were used to confirm that the short-range layered ordering
observed by TEM is indeed associated with the A-site cations
and to search for other local distortions that may be present.
Various models were refined against the G(r) functions at
different length scales to determine the correlation lengths of
the local distortions.

The initial fittings of the X-ray PDFs were done with the long-
range average structures (complete cation disorder) as starting
models. During the refinements the atoms were allowed to move
within the constraints of Pnma symmetry. Refinements were
done over r ranges of 1—10, 10—20, and 20—40 A (Figure S2).
The results were similar for all four compounds. The average
long-range structures were able to provide excellent fits to the
G(r)'s in the r ranges of 10—20 and 20—40 A, showing that any
deviations from the average structures are very short range.
However, the average structures were not able to model
the G(r)’s in the r range of 1—10 A, which was an indication
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Rpesy = 0.55 A, Rypsy = 0.64 A, Rp,s, = 0.64 A

that short-range deviations from the average structure are
present.

In an attempt to fit the low r regions of the PDFs, the Pnma
models were modified to include either layered A-site ordering,
layered B-site ordering, or both. Surprisingly, none of these
models were able to provide any significant improvement to the
fit. The most poorly fit regions of the X-ray PDFs are the peaks at
~3.45 A (Figure 7), which correspond to the nearest neighbor
A-site cation to B-site cation distances. The experimental peaks
appear at slightly higher r values than are predicted by the average
structures. A possible explanation for this observation could be
that the Nb/Ta atoms lie closer to the Na atoms than to the La
atoms. Since the intensity of a point in G(r) is proportional to the
number of interatomic distances at a given r and also the product
of the scattering power of the atoms in the pair, the (Nb/Ta)—La
distances make the strongest contribution to this peak. Longer
(Nb/Ta)—La and shorter (Nb/Ta)—Na distances would make
the peak shift toward higher 7, with a shoulder on the low r side
from the (Mn/Fe)—(Na/La) and (Nb/Ta)—Na distances. This
matches what is observed in the experimental G(r). Such out-of-
center displacements are common for highly charged d° transi-
tion metals such as Nb and Ta, which are well-known to undergo
SOJT distortions. SOJT distortions have been observed in the
long-range average structures of several other AA’'BB’Og perov-
skites, which have both rock-salt ordering of B/B’ and layered
ordering of A/A”."® In these compounds the d° cations displace
toward the Na layer and away from the Ln*" layer in order to
relieve a bonding instability that is created by the layered
ordering of A-site cations. Assuming that something similar is
occurring in the title compounds, but only on a local level, new
models were constructed which have a layered ordering of the Na
and La cations and also allow the Nb or Ta cations to displace in
the direction perpendicular to the layered A-site ordering.
Refinements using these models were able to provide good fits
to the low r regions of the X-ray PDFs (Figure 7) and it was
observed that the Nb/Ta ions did indeed displace toward Na and
away from La.

Refinements of the neutron PDFs gave similar results. Fits
with the long-range average structures were able to account for all
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(a)

-4 4

r(A)

Figure 7. Refinements of the low r region of the X-ray G(r) of
NaLaFeTaOg showing the fit with the average structural model (a)
and the model that includes layered A-site ordering and SOJT distor-
tions of the Ta cations (b). The black circles show the experimental
G(r), the red line is the calculated fit, and the black line is the
difference curve.

of the features of the G(r)’s at high r values. For the two Fe-
containing compounds the fit to the peak ~3.45 A was not
obviously poor when using the average structure as a model.
Morever, when a model with layered A-site ordering and SOJT
displacements of the Nb/Ta atoms were imposed, the fit did not
change significantly. From this result it can be concluded that
because of the similar neutron scattering powers of the elements
in these compounds, the G(r) is not sensitive to the presence or
absence of these features. Because of the negative scattering
length of Mn, the PDFs of the Mn-containing compounds are
highly sensitive to these features. The regions around ~3.45 A
are poorly fit by the average structures, but can be well modeled
with the same models that were used to successfully fit the low r
regions of the X-ray PDFs.

These observations provide important new insight into the
nature of A-site cation ordering in perovskites. It has been
previously shown that there are two criteria necessary to obtain
a layered arrangement of A-site cations: (1) a rock-salt ordering
of two B-site cations and (2) a SOJT cation on one of the B-sites.
The present results show that when SOJT cations are present,
but there is a disordered arrangement of B-site cations, layered
Assite ordering can still occur on a local level. It appears that the
ordering of B-site cations is not a necessary criterion for layered

Table S. r,, of the Final Fit, Local Lattice Parameters, and
Magnitude of the Displacement of the d° B’ Cation (A) for the
NaLaBB'Og4 (B = Mn, Fe; B = Nb, Ta) Compounds as
Derived from the X-ray PDF Analysis

NaLaFeTaOg NaLaMnNbOg NaLaFeNbOg NaLaMnTaOg

Ty 9.32 11.32 12.22 19.09
a 5.532 5.345 5.572 5.359
b 7917 8.053 7.887 8.040
c 5.576 5.701 5.511 5.743
B’ displacement 0.118 0.10S 0.142 0.077
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Figure 8. Magnetic susceptibilities y at 1 kOe field at ZFC and FC
conditions for NaLaBB'Og: (a) B = Mn, B’ = Nb, Ta; (b) B = Fe, B’ =
Nb, Ta.

Assite ordering, but is necessary for that ordering to be long
range.

The unit cell metrics of the average structures are all very close
to cubic. The unit cell dimensions obtained from the refinements
of the low r regions of the PDFs show a greater orthorhombic
distortion (Table 5). It is worth noting that the two compounds
that contain Mn>" have a much §reater local orthorhombic
distortion than those that contain Fe . These distortions can be
attributed to FOJT distortions of the Mn>* ions. Although there
are no indications of pronounced cooperative Jahn—Teller
distortions in the average structures, it appears that such distor-
tions are locally present for both Mn compounds.

Magnetism. The Mn and Fe compounds show contrasting
magnetic behaviors. The zero-field-cooled and field-cooled
(ZFC-FC) temperature-dependent magnetic susceptibilities for
NaLaBB'Og (B = Mn, Fe; B’ = Nb, Ta) under a 1 kOe field are
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Figure 9. Field dependence of the magnetization plots at 5 K. The
insets are the enlargements of the low field region.

shown in Figure 8. The susceptibility values of the Mn com-
pounds are much larger than those of the Fe compounds. Indeed,
the Curie—Weiss fit of the high-temperature data gives positive 0
values for the Mn compounds (85 K for NaLaMnNbOg and 97 K
for NaLaMnTaOg) and negative values for the Fe compounds
(=132 K for NaLaMnNbOg and —86 K for NaLaMnTaOy),
respectively (Figures S3 and S4 in the Supporting Information).
Further, there is a small anomaly in the susceptibility curve of Mn
compounds at ~45 K, which may be due to a small impurity of
Mn;0,. In the susceptibility plot of NaLaFeNbOs, a broad cusp
at ~200 K cannot be explained as yet. Nevertheless, the main
magnetic features of the title compounds are clear: the magnetic
interactions in the Mn compounds are ferromagnetic (FM), and
antiferromagnetic (AFM) for Fe compounds. This is further
confirmed by the field-dependent magnetization plots in Fig-
ure 9: at S K and S T, the Mn compounds reach ~50% of the
theoretical saturation of Mn>" (4 ug for S = 2), while the
magnetizations of the Fe compounds are just 5% of the theore-
tical saturation value (5 g assuming S = $/2). All four com-
pounds show a small magnetic remnant and coercive field (see
the insets of Figure 9), consistent with the divergence of the
ZFC-FC curves at low temperatures (Figure 8). We attribute the
divergence of the ZFC-FC to glassy components, which are not
surprising, given the extensive structural disorder. The magneti-
zation in Mn compounds are relatively high, considering the
absence of long-range magnetic order; this is attributed to the
presence of ferromagnetic clusters in the Mn compounds, which
is not uncommon for polycrystalline oxide materials. The

magnetism of A,BB'Og (A = Ca, Sr; B = Mn, Fe; B’ = Ta, Nb)
is a good reference for the compounds studied here: it is found
that the Mn compounds of B** /B'>* double perovksites are FM,
while the Fe analogues are basically AFM.”*~?® Thus, the short-
range order of Na and La in the A-site has no significant effect on
the magnetism, relative to the perovskites with A = Ca, Sr in
similar double perovskites.

Neutron powder diffraction patterns were taken at 4 K to look
for signs of magnetic ordering. The low-temperature NPD
patterns do not contain any new peaks of magnetic origin and
the peak intensities are nearly identical to those of the room-
temperature NPD patterns. This is consistent with the absence of
long-range magnetic ordering in these samples.

B CONCLUSIONS

Four new perovskite compounds, NaLaMnNbOg, NaLaMn-
TaOg4, NaLaFeNbOg, and NaLaFeTaOg have been prepared.
They all crystallize in space group Pnma, corresponding to the
a b'a tilt system. While none of the compounds show any
long-range cation order, short-range A-site layered ordering was
observed in all four compositions. This is accompanied by second-
order Jahn—Teller displacements of the Nb>" and Ta>" cations,
which also lack any long-range correlations. One of the most
notable findings of this study is the observation of layered A-site
ordering without the rock salt B-site ordering that is typically
found to accompany it. Thus, it can be concluded that B-site
ordering is necessary for the layered A-site ordering to be long
range, but such ordering can still occur locally even in its absence.
The two Fe-containing compounds have antiferromagnetic inter-
actions, while the two Mn-containing compounds have ferro-
magnetic interactions. However, no Iong-range magnetic order-
ing is observed in any of the compounds above 4 K.
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