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Abstract

The crystal structure of A-site deficient LasMgiW30;s perovskite has
been solved by x-ray powder diffraction in combination with group
theoretical analysis. Above 700 K, the crystal structure is orthorhombic
(space group Ibam; 2a, X 4a, x 2a, type superstructure) and presents
a sequence of [LaOJ]-[Mg;,W,,,0;]-[La;30]-[Mg;,,W;,,0,]-[LaO]-
[Mgi12W120,]-[La;;30]"-[Mgi,2W1,20,] layers stacked along the b axis.
The lanthanum ions and the vacancies in the [La;;30]" and [La;30]” layers
are ordered and form rows along the ¢ axis. A half-period shift along the a
direction between these layers leads to a quadrupling of the primitive perovskite
unit cell in the b direction. The ordering of the vacancies in the lanthanum
poor layers is connected with the ionic ordering between Mg?* and W% in
the neighbouring [Mg;,2W;,,0:] blocks. Around 700 K, due to an anti-phase
rotation of the octahedra, a continuous phase transition mediated by the I'}
irreducible representation from orthorhombic (Ibam, a®b°c®) to monoclinic
(C2/m, a®b’c™) symmetry takes place.

1. Introduction

Currently, a great number of crystal structures related to the perovskite one have been
studied [1]. Among them, there can be distinguished compounds of which the crystal
structure is obtained from the perovskite lattice by removing part of the cations or anions,
i.e., perovskite structures containing cation/anion vacancies. From the crystal chemistry point
of view, the compounds where cation/anion vacancies are ordered and form translational
symmetry superstructures are of special interest. Very often, these compounds show interesting
and useful properties. For example, the anion-deficient perovskites with ordered oxygen
vacancies, LnBa,Cu307,s and LnBaCo0,0s,s (Ln = lanthanide), exhibit high temperature
superconducting [2, 3] and giant magnetoresistance [4, 5] phenomena, respectively.

Another interesting example of vacancy ordering in perovskites is Lay;3TiO3. This
compound is unstable but it can be stabilized by small substitutions (~10%) of La or Ti by other
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cations (like Ni, Nb or Al substituting Ti or Sr substituting La). The crystal structure of this
perovskite can be represented by a sequence of layers, [LaO]-[TiO,]-[La; 30]-[TiO»], stacked
along the ¢ axis [6, 7]. The alternation of the fully and partially occupied lanthanum-containing
(001) planes forms a tetragonal superstructure of the type a, x ap x 2a, (ap is the primitive
perovskite unit cell). The compound and its solid solutions are widely investigated because
of the intriguing microwave dielectric characteristics [8—10] and a considerable value of the
ionic conductivity at high temperatures [11, 12]. However, in spite of the long history and of
the great amount of work devoted to the investigation of this compound, only very recently
has the room temperature crystal structure of La,/3TiO3 stabilized by 10% of Sr (LST) been
adequately described by Howard and Zhang [13]. One of the problems in revealing some
of the structural peculiarities, namely those connected with the rotation of the octahedra, is
related to the need for a careful analysis of the data, which difficult to perform with the
usual x-ray diffraction experiments. According to Howard and Zhang, the room temperature
crystal structure of Lay 3TiO3 is characterized by orthorhombic symmetry, space group Cmmm.
The cation vacancies in the lanthanum-poor [La, ;30] layers are distributed randomly and the
orthorhombic distortions are caused by anti-phase rotation of the TiO¢ octahedra around the
axis perpendicular to the direction of the cation ordering.

If the Ti** ions in Lay/3TiO; are substituted by a pair of ions, B’ and B”, with a strong
difference in charge such that there appears an ionic ordering in the [B}_ B’ O,] layers, then
this ordering can influence the distribution of the La** ions and vacancies in the neighbouring
[La;/30]layers. Anexample of this kind of compoundis Lay/;3sMgi 2 W1/203(LasMgzW30;3),
which was synthesized by Torii [14] more than 20 years ago. According to Torii, there is also
a sequence of fully and partially occupied lanthanum-containing planes, and an NaCl-type
ionic ordering between Mg?* and W®" is present in this compound. The intriguing fact is the
presence of superstructure reflections pointing to a quadrupling of the primitive unit cell in
one of the crystallographic directions, the nature of which Torii did not clarify. Therefore,
the main goal of the present work is to reinvestigate the crystal structure of La;MgzW30g
(LMT), paying special attention to the distribution of the lanthanum ions and the vacancies
in the [La;/30] layers and the possible lowering of the symmetry due to the tilting of the
octahedra.

2. Experimental details

To prepare the LasMgzW30,3 (LMT) oxide, powders of La;Osz (99.5%, Merck), MgO
(98%, Fluka) and WO3 (99.9% Fluka) were weighed according to the stoichiometry of the
composition and mixed for 4 h, in a polyethylene container with ethanol and zirconia balls,
in a planetary mill. The slurries were dried in an oven at 120 °C and the dried powders were
deagglomerated. The powders were then calcined at 1200 °C for 4 h. After calcination, the
materials were deagglomerated again. Finally, pellets with 10 mm diameter and 5-6 mm
height were obtained by uniaxial pressing in a steel die under 60 MPa, followed by an isostatic
pressing at 200 MPa. The pellets were sintered in air for 6 h at 1300, 1350, 1400 and 1450 °C.
The heating and cooling rates were 100°C h='. Weight losses during the sintering did not
exceed 1.5%. The microstructure of the sintered specimens was characterized by scanning
electron microscopy (SEM, Hitachi S-4100).

To obtain powders for x-ray diffraction experiments the sintered pellets were crushed
in an agate mortar. The room temperature x-ray powder diffraction data were collected
using a Rigaku D/MAX-B diffractometer (Cu Ko radiation; tube power 40 kV, 30 mA; 26
range 10°-120°, step 0.02°, 20 s/step; graphite monochromator; receiving slit 0.15 mm). The
high temperature x-ray diffraction experiments were carried out on a Philips X’Pert MPD
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Figure 1. X-ray powder diffraction patterns of La;Mgz W30 g perovskite sintered at 1300 °C (left
panel) and 1400 °C (right panel). The insets show the SEM observations of the corresponding
microstructure.

diffractometer (Cu Ko radiation; tube power 40 kV, 30 mA; graphite monochromator). The
full spectrum was recorded at 900 K (260 range 10°-120°, step 0.02°, 5 s/step; receiving
slit 0.15 mm), whereas at intermediate temperatures only selected reflections were examined
(step 0.01°, 30 s/step; receiving slit 0.05 mm). The obtained data were refined by the
Rietveld method using the Fullprof program [15] and assuming a pseudo-Voigt profile shape
function. The background was described by interpolation of selected points. A small amount
of La; W1 250675 (card No 32-0503 PDF) impurity phase (strongest line ~1%) was detected.
Since we did not find a description of the crystal structure of this compound in the literature to
introduce it as a second phase into the calculations, the parts of the spectra where the impurity
peaks did not overlap with the general phase were removed from the refinement procedure.

3. Results and discussion

Room temperature XRD patterns of LMW sintered at different temperatures are presented in
figure 1. It is observed that the intensity of some of the reflections increases significantly when
the sintering temperature increases. This points to an appearance of preferred orientation due
to an anisotropic development of the grains (crystals), a situation that is indeed revealed by
the microstructures (see the insets in figure 1): in the sample sintered at 1400 °C, figure 1(b),
anisotropic grain growth is clearly observed, with grains of rectangular shape reaching very
large lengths, ~200 um. A more careful analysis of these microstructures indicates that the
sintering process, above 1400 °C, probably occurs in the presence of a liquid phase. If this
is the case, then LMW melts incongruently. Since, for the samples sintered at 7" > 1400 °C,
the intensities of the XRD peaks reflect the development of the preferred orientation, the
analysis of the crystal structure will be done with the spectra of the samples sintered below
that temperature.

The analysis of the LMW spectra will be performed in the frame of the perovskite type
crystal structure. We will present the work in the following two ways:

(i) we will start with the analysis of the room temperature spectrum to clarify the cation
distribution and to propose a basic model for the crystal structure of LMW; then,
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Figure 2. Harker sections of the Patterson function based on the superstructure reflections: left
section, z = 0; right, upper section, y = 0; and right, lower section y = 0.5.

(i) we will show the XRD spectra at different temperatures, allowing the conclusion that the
proposed crystal structure is only valid for high temperatures, whereas the crystal structure
at room temperature includes a rotation of the oxygen octahedra.

3.1. Analysis of the room temperature spectrum

Figure 1(a) presents the spectrum under analysis. A set of reflections corresponding to the
fundamental multiplets of the aristotype perovskite structure can be distinguished. The splitting
of some of these (hk/) reflections into triplets when 7 = k # [, and the non-splitting of the
reflections when i = k = [, are both consistent with the orthorhombic metric of the primitive
perovskite unit cell. We have chosen the setting where b, > ¢, > a,. The presence of strong
superstructure reflections of the (& + % k+ % I+ %) type shows evidence of the ordering between
Mg?* and W, of the NaCl type, and that of the (hk + % [) type indicates an alternation of
the occupancy of the lanthanum-containing planes, fully—partially—fully occupied, along the
b direction, analogously to the situation occurring in Lay3TiO3 [6, 7]. However, a successful
indexation of the spectrum involves the quadrupling of the primitive unit cell in the b direction
and, since the intensities of the corresponding superstructure reflections are rather strong, that
procedure is quite probably associated with the distribution of the cations.

The most probable reason to have the quadrupling of the unit cell comes from the ordering
of the lanthanum ions and vacant sites of the partially occupied La-containing planes. To
clarify the distribution of the lanthanum ions in these layers, we have calculated the Patterson
function, P(x, y, z), using the superstructure reflections,

P(x,y,2) =Y D Y |Fwl® cosl2m (hx +ky +12)] e))
h k l

where | Fjy| is the structural amplitude of the skl superstructure reflection. These amplitudes

were taken from the La Bail fitting [16] of the XRD spectrum, using the Pmmm space group,

which does not contain absence conditions, and the 2a,, x 4b, x 2¢;, unit cell. Figure 2 shows

the Harker sections of the Patterson function based on 12 superstructure reflections and on

the Pmmm space group. Four general maxima can be observed with equivalent densities,
111 111

at coordinates x;y;z; = 000, 005, 5 50 and 5 5 5. This is the case when coordinates of

the density maxima of the Patterson function coincide with the positions of the atoms in the
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Figure 3. Schematic representation of the crystal structure of LasMgzW301g above 700 K (a),
and below 700 K (b).

supercell. Indeed, the superstructure reflections originating from this superlattice satisfy both
h+k+1 = 2n (body centred) and & + k = 2n (face centred) absence rules, which means
that the 27 (hx; + ky; + lz;) phase term always equals 27rn and, therefore, the coordinates of
the P(x, y, z) peaks are coincident with the peak positions of the inverse Fourier transform,
F(x,y,2),

F(x,y,2) =Y D ) Fuexpl=2mi(hx +ky +12)} 2
h k l

representing the maxima of the electronic density of the unit cell. Thus, the maxima in figure 2
are easily assigned to the position of the lanthanum ions.

We finally arrive at the basic model for LMW at this point (figure 3(a)). It is
characterized by the orthorhombic /bam space group and implies a sequence of layers stacked
along the b axis: [LaO]-[Mg; W 2021-[La;,,0]'-[Mg; 2 W{/20,]-[LaO]-[Mg; s W1 ,2,0,]-
[La;»0]"-[Mg;,2,W;,,0,]. The lanthanum ions and the vacant sites in the ‘lanthanum-
deficient’ layers, [La;,O] and [La;,,0]”, form rows along the ¢ direction and there is
a half-period shift in the a direction giving rise to the quadrupling of the primitive unit
cell along the b direction (the 2a, x 4a, x a, type superstructure). The proposed model
corresponds to an LazMgy,W>*W® 0, chemical formula assuming a full occupancy of
all the atomic positions. Therefore, the La;MgzW30;3 chemical composition suggests
the presence of vacant sites in the lanthanum positions. The lanthanum ions occupy
two different positions in the Ibam space group: 4a, in the [La;,0]/[La;,0]”
layers, and 8g, in the [LaO] layers. The refinement procedure allows us to conclude
that the vacant sites are almost entirely located in the 4a position, which means
that, actually, the sequence of [LaO]-[Mg;,»,W;,,0,]-[La;;30]-[Mg;,2W;,,0,]-[LaO]-
[Mg1/2W1/202]—[La1/30]”—[Mg1/2W1/202] layers takes place.

3.2. Analysis at higher temperatures

In this section we analyse the temperature behaviour of the unit cell parameters of the proposed
crystal structure, in an analogous way to that performed for LageSrg;TiO3 (LST) [13].
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Figure 4. Temperature evolution of the 200 fundamental multiplet (left panel) and the primitive
perovskite translations (right panel).

This compound presents a phase transition at ~640 K associated with an anti-phase tilting
of the TiOg octahedra and, since the compound is closely related to LMW, it is conceivable
that LMW also presents a rotation of the equivalent octahedra, (Mg/W)Og. However, it should
be noted that in our case the analysis of the superstructure reflections associated with anti-phase
octahedral tilting (h + % k+ % I+ %) is complicated by the much larger contribution to structural
factors of these reflections coming from the ionic ordering between Mg and W+,

Figure 4 shows the temperature evolution of the 200 fundamental multiplet and of the
parameters of the primitive unit cell. Upon increasing the temperature, a, and ¢, approach
each other and practically merge together (the difference between them is smaller than the
resolution of the apparatus) at ~700 K. Above this temperature only changes associated with
the thermal expansion occur. This behaviour suggests a continuous phase transition at 700 K,
a phase transition associated with the rotation of the octahedra. Therefore, the model of the
crystal structure presented in the previous section is not adequate for temperatures below 700 K,
but it is for higher temperatures: table 1 presents the results of the refinements, with the /bam
space group, of the XRD spectrum recorded at 900 K. The very close values of the a, and ¢,
parameters in the high temperature orthorhombic phase are caused by the fact that along these
directions the alternation of the planes equivalently occupied by lanthanum ions takes place.

I

For comparison, along the [010] direction, the sequence 1—5—1—%—1 ... (1—fully occupied

and %—one third occupied lanthanum-containing planes) occurs, whereas along both the [100]
and the [001] directions, the sequence is $—5-5-5 .. .. %—two thirds occupied planes) (see
figure 3(a)).

3.3. Group-theoretical analysis

The low temperature crystal structure is inferred from the tilting of the octahedra of the
Ibam structure. Group theoretical analysis will be used with Landau’s constraint for allowed
continuous phase transitions. To do that we will apply the methodology proposed by Howard
and Stokes [17] and the capabilities of the computer program ISOTROPY [17, 18]. To identify
the basic components of the tilted systems (anti-phase or in-phase rotation of the octahedra
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Table 1. Atomic coordinates and isotropic thermal parameters (Bijg,) for LagMgzW30;g at 900 K.
Space group Ibam, cell parameters: a = 7.8682(10) A, b = 15.9230(10) A, ¢ = 7.8700(10) A,
V = 986.00(19) A3; Z = 16. Reliability factors: R, = 6.96%, Ryp = 9.88%.

Atom  Position  Occupation x y z Bis, (A%)
Lal 4a 0.521(5) 0 0 0.25 1.29(6)
La2 8g 0.951(8) 0 0.24772) 025 1.29(6)
La3 4b 0.059(4) 0.5 0 0.25 1.29(6)
Mgl 8j 1 —0.2602(25)  —0.1213(5) 0 1.97(28)
Wil 8j 0.949(8) 0.2561(3) —0.1185(1) 0 0.56(4)
()1 8j 1 —0.0108(42) —0.1497(11) O 2.63(16)
02 8j 1 —0.0062(51)  —0.3631(11) O 2.63(16)
03 8j 1 —0.2226(21) 0.0039(10) 0 2.63(16)
04 8j 1 —0.2845(27) 0.2499(10) O 2.63(16)
05 16k 1 0.2705(15) 0.3785(10)  0.2416(21)  2.63(16)

Table 2. The tilt system, irreducible representation, space group symmetry (and number), lattice
vectors and the origin of the subgroup with respect to the parent cell in /bam.

Tilt system  Irred. rep.  Space group Lattice vectors Origin
a%b0¢0 ry Ibam (No.72) (1,0, 0) (0, 1,0) (0,0, 1) (0,0, 0)
atbOc Xy Pban (No.50)  (1,0,0) (0, 1, 0) (0,0, 1) G4 D
a®b* O ry 1222 (No.23) (1,0, 0) (0, 1, 0) (0,0, 1) 0,0, 1)
a®bOct Xt Pcem (No.49) (1,0, 0) (0, 1,0) (0,0, 1) (0,0,0)
a=bOc? rs C2/c (No.15)  (0,1,1)(1,0,0) (0,0, —1) (0, 0,0)
a0 rt C2/c (No.15) (1,0, —1)(0,1,0)(0,0,1) (0, 0,0)
a0 rs C2/m (No.12)  (—=1,1,0)(0,0,1)(1,0,0) (0, 0,0)

around one of the directions [100], [010] or [001]), which form a set of basis functions, we
will use Glazer’s notation [19].

The Ibam space group does not contain elements that mix the basis functions and,
therefore, the irreducible representations transforming them are one-dimensional. Following
the soft mode concept, this means that the phase transition at 700 K only involves the rotation
of the octahedra around one of the crystallographic axis, i.e., it is enough to consider only one-
tilted structures. To find the irreducible representations for which the basic components of tilt
systems are basis functions, all possible distortions caused by the pseudovectors at the Wyckoff
position j were generated by the program ISOTROPY, taking into consideration the irreducible
representations at the « points of symmetry. The inspection of the distortions produced by
the one-dimensional irreducible representations allowed us to identify X, I';, X7, I', I'}
and I'} (in the notation of Miller and Love [20]) with the a*bhoc®, a®b*c, a'bOct, a—bOcP,
a®bc? and a®bh°c tilted systems, respectively. The corresponding isotropy subgroups are
Pban, 1222, Pccm, C2/c, C2/c and C2/m. In all cases, the phase transitions are allowed to
be continuous by Landau theory. Table 2 lists all of these space groups and the corresponding
irreducible representations and tilted systems, together with the lattice vectors and the origin of
the subgroups. The isotropy subgroup for any of the two- or three-tilted system can be found by
considering the reducible representation which is obtained as a direct sum of the corresponding
two or three above-mentioned irreducible representations. The results described above can be
obtained from a ‘first principles’ group-theoretical approach, detailed in the appendix.

Applying now the two conditions, continuity of the phase transition and ¢, > a,, we can
infer the symmetry of LMW below 700 K. Both conditions are satisfied by the a°6%c* and
a’b’c tilted systems, but for the first case there is expected to be the presence of (h+ % k+ % D),
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Figure 5. Observed (circles), calculated (continuous curve) and difference (solid line below the
spectrum) room temperature x-ray powder diffraction pattern of LasMgzW301g. The vertical bars
correspond to the calculated peak positions.

Table 3. Atomic coordinates and isotropic thermal parameters (Biso) for La4Mgz W30 at room
temperature. Space group C2/m, cell parameters: a = 17.6454(10) A, b = 7.8335(10) A,
¢ = 7.8155(10) A, B = 116.36(1)°, V = 967.97(18) A3; Z = 16. Reliability factors:
R, = 6.30%, Ry, = 8.83%.

Atom  Position  Occupation X y z Biso (Az)
Lal 4g 0.552(6) 0 0.2559(19) 0 0.29(3)
La2 8j 0.942(9) 0.2480(2) 0.2503(9) 0.2508(8) 0.29(3)
La3 4h 0.027(2) 0.2498(4) 0.5 0.25 0.29(3)
Mgl 4i 1 —0.1204(17) 0 —0.3921(41)  0.38(21)

Mg2 4 1 0.6204(17) 0 —0.1421(41)  0.38(21)
W1 4 0.934(8) —0.1191(4) 0 0.1298(8) 0.15(2)

w2 4i 0.934(8) 0.6191(3) 0 0.3798(8) 0.15(2)

0Ol 4 1 0.6311(25) O —0.1772(51)  0.84(16)
02 4 1 —0.0062(51) 0 0.1405(62)  0.84(16)
03 4 1 —0.3482(26) O —0.3692(57)  0.84(16)
04 4 1 0.9011(18) 0O 0.3926(56)  0.84(16)
05 4 1 0.0136(19) 0 —0.1594(35)  0.84(16)
06 4 1 0.4983(14) 0 —0.2491(49)  0.84(16)
o7 4 1 —0.2492(26) 0 —0.5574(61)  0.84(16)
08 4 1 0.7544(22) 0 —0.0222(67)  0.84(16)
09 8j 1 0.3874(12)  0.2347(28) 0.7026(27)  0.84(16)

1

010 8j —0.3627(16)  0.2654(28)  —0.1227(35)  0.84(16)

with i # k, superstructure reflections. They were not observed in the room temperature XRD
spectrum and, therefore, this spectrum was refined using the monoclinic C2/m space group
(figure 5). The crystallographic parameters obtained in this refinement are listed in table 3,
and a schematic representation of the crystal structure is shown in figure 3(b).

3.4. Further considerations

It was shown above that LMW ‘needs’ a quadrupling of the unit cell to be characterized. This
is because the vacant sites of the [La; ,O] layers are not randomly distributed, like in the case
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Figure 6. Schematic representation of the magnesium/tungsten cation displacements within (001)
planes in the cases of 2a;, x 2a, x a, (a) and 2a, x 4a, x a, (b) superstructures.

of LST [13], but ordered. The stacking of these [La, ;O] layers along the b direction could
also be of the 2a,, x 2a, x a, type, instead of the 2a, x 4a, x a, one, still presenting an ordering
of the vacant sites, but only needing a doubling of the unit cell (figure 6(a)). However, in this
case the elastic energy of the lattice would be higher than that when a quadruple unit cell is
present. This is due to the displacement of the Mg and W ions in the (001) planes towards
the [La;»O] layers, with components in the [100]/ [100] and [010] / [010] directions. These
displacements are different, because there is a large difference in the charge and in the size of
the cations involved (see in figure 6(a) the resulting lozenge of these displacements). In the
case of the doubling of the unit cell, the W ions are always displaced along the [110]/[110]
directions and the Mg ions along the [110]/[110] ones within the same (001) plane. In the
neighbouring (001) planes the character of the displacement of the atoms is the opposite one:
the W ions are always displaced along [110]/[110] and the Mg ions along [110]/[110]. The
cooperative character of these distortions in the whole (001) plane (all the lozenges are in
the same position) is lightened if, instead, alternatively the W ions are displaced along the
[110]/[110] and [110]/[110] directions and the Mg ions in the [110]/[110] and [110]/[110]
directions (the lozenges would be in alternative positions, as seen in figure 6(b)). Therefore,
the quadrupling of the unit cell structure is energetically more stable than the doubling one.

The displacements of magnesium and tungsten ions described above in combination
with the row-type ordering of lanthanum ions and vacancies in the [La, /30]/ and [La; /30]”
layers lead to effective compensation of the deficiency of positive charge in these layers.
The additional localization of vacancies into the rows, in comparison with La,,3TiO3, where
lanthanum ions and vacancies are distributed randomly within the lanthanum poor layers, is
possible due to the cation ordering between Mg?* and W%* ions, which results in a smaller
electrostatic repulsion of the shifted cations. Possible implications of these characteristics
of the LMW crystal structure on, for example, the electrical properties of the compound are
beyond the scope of the present work, but will be treated in a forthcoming paper.

4. Conclusions

The crystal structure of LasMg3zW3O15 oxide is found to be closely related to the structure of
La,,3TiO3, with the additional ordering of the lanthanum ions in the rows within the lanthanum-
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poor layers and rock salt type cation ordering between magnesium and tungsten (2a, x 4ap x 2a,
type superstructure). At temperatures higher than 700 K the symmetry is orthorhombic Ibam.
Below this temperature the symmetry is lowered to monoclinic C2/m as aresult of a continuous
phase transformation involving an anti-phase rotation of the octahedra around the axis parallel
to the lanthanum-formed rows.
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Appendix

The ‘first principles’ approach for a group-theoretical analysis of the crystal structures, which
can be derived from the crystal structure shown in figure 3(a), due to rotations of the octahedra,
involves the irreducible representations of Pm3m space group for the calculations. According
to Howard and Stokes [17], in-phase and anti-phase rotations of the octahedra around (001) axes
of space group Pm3m are transformed as pseudovector basis functions of M (k = %, %, 0)
andR} (k = %, % %) three-dimensional irreducible representations, respectively. The rock salt
type cation ordering in the B-site position is described by an R} one-dimensional representation
of Pm3m [21]. The ordering of lanthanum ions in the [La; 1301 and [La; 30]” layers, found
in this work, can be associated with the Z4 (k = %, %, 0) twelve-dimensional irreducible
representation with the P2 (a,0,0,0,0,0,0,0,0, 0,0, 0) direction of the order parameter
in the representation space. By combining the R} @ Z, representation with the M} or/and
R} ones, one can obtain, with the aid of ISOTROPY, a list of the isotropy subgroups,
corresponding to the coupled order parameter. For example, the calculation of the isotropy
subgroups for the Mj/R}; @ R} @ Z4 combinations gives Pccm/C2/m space groups with
the (a,0,0,b,¢,0,0,0,0,0,0,0,0,0,0,0) order parameter. A nonzero first component in
the M3 /R} subspace corresponds to in-phase/anti-phase octahedral tilting around the z axis of
space group Pm3m. A nonzero second component in the R @ Z, subspace indicates that the
first distinct domain of /bam, with the (E]0, 0, 0) generator, is under consideration. In this
domain, the lattice vectors of space group Ibam are collinear with the corresponding lattice
vectors of the Pm3m one ((4, 0, 0)(0, 2, 0)(0, 0, 2)), and therefore the Pccm and C2 /m space
groups should be associated with a’b°c* and a®b’c tilt systems, respectively.

Further, Pban and 1222 isotropy subgroups, obtained in the frame of the first
consideration for the a*h%c? and a’b*c® tilt systems, appear in the first principles
calculation (M} ® R} @ Z,; combination) with the (a, 0, 0, b, 0,0, 0, 0,0, —¢, 0,0, 0,0, 0, 0)
and the (a,0,0,0,0,0,—c,0,0,0,0,0,0,0,d,0) order parameters, respectively. The
(©,0,0,0,0,0,—¢,0,0,0,0,0,0) direction in the R} @& Z4 subspace shows that the third
distinct domain of Ibam, with the (C3|0, 0, 0) generator, is under consideration. In this
domain, the lattice vectors of the /bam space group are (0, 4, 0)(0, 0, 2)(2, 0, 0) in respect to
the parent Pm3m one. Therefore, the Pban space group should be associated with the a®b*¢?
tilt system'. In the case of space group 1222, the order parameter has two nonzero components
in the Z4 subspace. If one makes the d component 0, the direction of the order parameter in
the R} @ Z, subspace will coincide with the order parameter in the second distinct domain,

! In the first consideration we used the Iham space group with quadrupling along the b axis, but here the a axis is
the quadrupled one. Therefore the space groups, corresponding to the a*/~b%c? and a®b*/~ ¥ tilt systems in the first
consideration, correspond now to a®h*/~¢? and a*/~b%c0 tilt systems, respectively.
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with the (C5 |0, 0, 0) generator, which changes the z axis into the x axis ((0, 0, 4)(2, 0, 0)(0, 2,
0)). Thus, space group 1222 corresponds to the a*h°c? tilt system. However, the given space
group allows the ordering of La ions in the [La;»O]" and [La,; ,0]"” layers to be more general
(less symmetric) than the one shown in figure 3(a). This is the reason why the d component
can be nonzero (in other words, a deviation of the d component from 0 does not change the
symmetry). A similar situation has been recently discussed by Howard and Stokes [22] for
octahedral tilting in A4B'B% X, ordered perovskites.

A similar consideration of the R} @ R} @ Z, isotropy subgroups gives space group C2/c
with (¢, 0,0, ,0,0,0,0,0, —c, 0,0,0,0, 0, 0) order parameter for the a®b—c0 tilt system and
space group2 C2/c with (a,0,0,b,0,0,—¢,0,0,0,0,0,0,0,0, d) order parameter for the
a~ b0 tilt system, which again is entirely consistent with the previous analysis.
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