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Abstract: Complex perovskite La2(Al1/2MgTa1/2)O6 (LAMT) crystallizes in a monoclinic unit cell
with space group P21/n at room temperature. Its B-site cations are ordered in a rock-salt-type
arrangement. Previously, the full occupancy of Mg on the 2c-Wyckoff position was deduced from
powder X-ray diffraction (PXRD). However, conventional X-rays could not properly resolve the
mixed occupation on the B-site, since there is little scattering contrast between the neighbouring
elements Mg and Al of the periodic table. Hence, complementary neutron diffraction studies were
carried out to verify the exact B-site cation ordering in the unit cell. In this specific configuration of
the B-cations, with its occupancy ratio and the presence of a heavy element Ta as well as neighbouring
elements Mg and Al, only the strategy of a combined Rietveld analysis using both the X-ray and
neutron diffraction data simultaneously succeeded in elucidating an accurate B-site cation ordering
in this complex perovskite system. A full occupancy of Mg on the 2c-Wyckoff position and each a half
occupancy of Al and Ta on the 2d-Wyckoff position could be resolved for the rock-salt-type ordering
of the B-site cations in the monoclinic unit cell of LAMT.

Keywords: complex rare-earth perovskite; X-ray powder diffraction; neutron powder diffraction;
combined Rietveld analysis; B-site cation ordering

1. Introduction

Complex rare-earth perovskites with the general formula A(B′B′′)O3 are among the
promising candidates for thermal barrier coating (TBC) materials due to their high melting
points as well as their high thermal expansion coefficient values [1–3]. Great efforts are
made to increase gas turbine engine efficiency, for which higher inlet temperature is
inevitable. In addition, a higher operation temperature leads to less CO2 production.
Therefore, different approaches to find new materials [4,5], engineer high-performance
coatings by designing more stable microstructures, or optimize operating conditions are
suggested [1,5,6]. Recently, a considerably prolonged thermal cycling lifetime was reported
using a complex perovskite as a TBC topcoat [5]. When La2(Al1/2MgTa1/2)O6 (LAMT) was
applied through the suspension plasma spraying technique on the top of the state-of-the-art
yttria partially stabilized zirconia (YSZ) layer, a highly porous columnar microstructure
was achieved, allowing increased strain tolerance against thermally induced stress in the
coating [5]. Notably, this kind of complex perovskite used as topcoats remained intact
during thermal loading tests, and the failure of this system only occurred with the interface
of the bondcoat (BC) and TBC layer [5]. These interesting material characteristics initiated
further investigation on their crystal structure and phase transition behaviour at high
temperatures [7].

Solids 2023, 4, 87–93. https://doi.org/10.3390/solids4010006 https://www.mdpi.com/journal/solids

https://doi.org/10.3390/solids4010006
https://doi.org/10.3390/solids4010006
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/solids
https://www.mdpi.com
https://orcid.org/0000-0002-7994-7269
https://orcid.org/0000-0003-2703-4369
https://orcid.org/0000-0002-9198-3991
https://doi.org/10.3390/solids4010006
https://www.mdpi.com/journal/solids
https://www.mdpi.com/article/10.3390/solids4010006?type=check_update&version=1


Solids 2023, 4 88

An extensive crystal structure analysis through Rietveld refinements has been carried
out at different temperatures via in situ high-temperature powder X-ray diffraction (PXRD)
on LAMT powder [7]. However, an assumption has to be made regarding the Mg occu-
pancy in the monoclinic unit cell at room temperature through Rietveld refinement, for
there is little contrast between Mg and Al with X-rays. X-rays interact with electrons, and
the scattering amplitude is proportional to their numbers. Moreover, the Mg2+ and Al3+

ions are isoelectronic, and have the same electronic configurations. Therefore, detecting
the neighbouring elements of the periodic table, such as Mg and Al, precisely in a crystal-
lographic unit cell is not possible via conventional X-ray diffraction. There is, though, a
technique called X-ray anomalous diffraction, where the site occupancy of neighbouring
elements can be resolved utilizing changes in anomalous dispersion factors ƒ′ and ƒ′′ of
each element near its absorption edges with varying incident X-ray wavelengths [8,9]. For
our studies, a complementary neutron powder diffraction (NPD) method was chosen to
properly characterize the B-site cation occupations. Neutrons interact directly with the
nucleus of an atom and, together with other properties such as large beam cross section,
deep penetration depth or no decrease in scattering intensity for high-scattering angles 2θ,
they have shown to be very suitable for studies on high-temperature alloys [10,11]. Mg and
Al have substantially different coherent scattering lengths (Mg: 5.375 fm, Al: 3.449 fm) for
thermal neutrons [12], which now enables us to distinguish the Mg and Al atom positions
in the unit cell. Since LAMT consists of a much heavier element, tantalum, on the B-site
as well, a combined Rietveld refinement using both the PXRD and NPD data simulta-
neously was performed. This work aims to resolve the uncertainty in the B-site cation
ordering in complex perovskite using PXRD and NPD techniques in a single, combined
Rietveld refinement.

2. Materials and Methods

LAMT powder was prepared from stoichiometric amounts of La2O3, Al2O3, MgO and
Ta2O5 powders as described in earlier works [5,7]. A minor (5 wt%) secondary phase of
La3TaO7 was present in the investigated powder, but did not affect the crystal structure
analysis of the main LAMT powder through Rietveld refinements.

PXRD was carried out using Empyrean (Malvern Panalytical, Almelo, The Netherlands
with CuKα1,2 radiation at 45 kV and 40 mA. The PXRD data were collected in the 2θ range
of 10◦ to 150◦ with ∆2θ of 0.013◦ and a counting time of 500 s/step using a 255-channel
PIXcel linear detector.

NPD was performed with the high-resolution powder diffractometer SPODI (FRM II,
Garching, Germany) [11]. The powder was filled into a vanadium container with a diameter
of 3 mm and a height of 20 mm. The NPD data were collected up to 2θ of 152◦ using a
multidetector (80 3He position sensitive detector tubes) in a Debye Scherrer geometry using
a wavelength of 1.54827 Å and a total data collecting time of 520 min. Silicon reference
powder (NIST SRM 640c, NIST, Ceramic Division, Gaithersburg, MA, USA) was used for
obtaining the instrumental resolution function in the same measurement setting.

Combined Rietveld analysis on PXRD and NPD data was conducted with the software
TOPAS (Bruker AXS, Karlsruhe, Germany) [13].

3. Results and Discussion
3.1. Neutron Powder Diffraction Data Analysis

Si-reference powder data were collected in the same instrumental settings as for
our LAMT powder to obtain the instrumental resolution function for the peak profiles.
Using the TOPAS software, the Chebyshev polynomial with six coefficients was used for
the background description, and the modified Thompson–Cox–Hastings pseudo-Voigt
function with a peak asymmetry parameter was chosen for the peak profile. The Rietveld
refinement result of the Si-reference powder resulted in the weighted R-value (Rwp) of
4.75%. Those initial parameters of the peak profile function from the Si-reference data
were then fixed and only the domain size and the microstrain parameters were refined
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for the LAMT NPD data. The first attempts of refining the NPD data alone did not result
in unambiguous solutions of the Mg occupancy as expected. Although Mg and Al now
have distinct contrast in their neutron scattering lengths, the sum of 1/2 Al + 1/2 Ta
(Ta: 6.91 fm [12]) being 5.180 fm almost equals the full occupancy of Mg with 5.375 fm.
Therefore, different structural models resulted in similar Rwp factors. At this point, the
X-ray powder diffraction data should be beneficial, because the much heavier element
tantalum, as one of the B-site cations, should be easily distinguishable from the weak
scatterers Mg and Al.

3.2. Ta Detection in the Unit Cell through X-rays

Through chemical analysis, we are certain that the ratio of the B-site cations should be
Mg:Al:Ta = 1:0.5:0.5. Additionally, we assume a full occupancy of two symmetry equivalent
positions for the B-site cations in the monoclinic unit cell. With these constraints, the
two possible Wyckoff positions, 2c and 2d, were refined freely. The converged Rietveld
refinement detected the heavy element Ta on the 2d-Wyckoff position with a refined
occupancy of 0.518(1). Ta now having been successfully localized on the 2d-Wyckoff
position through PXRD data, two different crystal structure models of the space group
symmetry P21/n (No. 14 [14]) were chosen, regarding the Mg occupancy of LAMT at room
temperature: (1) full occupancy of Mg on the 2c-Wyckoff position, and 1/2 Al + 1/2 Ta
on the 2d-Wyckoff position and (2) 1/2 Mg + 1/2 Al on the 2c-Wyckoff position, and
1/2 Mg + 1/2 Ta on the 2d-Wyckoff position. In the case of PXRD data, these two models
are not distinguishable due to the little contrast between Mg and Al. Hence, the combined
Rietveld refinement on both the PXRD and NPD data simultaneously was conducted.

3.3. Combined Rietveld Analysis on X-ray and Neutron Powder Diffraction Data

The data sets from X-ray and neutron experiments were obtained on the same LAMT
powder at room temperature and were used simultaneously in a combined Rietveld anal-
ysis. The background parameters, the lattice parameters, the sample displacement pa-
rameters and the peak profile parameters were refined separately for each data set. For
the PXRD data, a fundamental parameters approach [15] implemented in the software
TOPAS was utilized to describe the peak profiles, which takes the instrumental settings
into account. The broadening of the peak profiles, in this case, can then be ascribed to
the microstructural effects of the sample, i.e., domain size and microstrain. Now, a more
accurate crystal structure model refinement can be carried out involving the two data
sets simultaneously, but refining the atomic parameters jointly. Returning to our crystal
structure models described in Section 3.2., the NPD data responded sensitively to the B-site
cation ordering due to the significantly different scattering lengths of Mg and Al. A notable
discrepancy between the observed and the calculated Bragg peak intensities was now
detectable for each structure model, as shown in Figure 1a. The (011)-Bragg peak chosen
here as an example represents a lattice plane in the monoclinic P21/n unit cell where the
B-site cations are aligned (Figure 1b). The Rwp of the two structure models are Rwp = 4.33%
for the full Mg occupancy and Rwp = 4.43% for the half Mg occupancy, respectively.

Observed (Yobs), calculated (Ycalc) and difference (Yobs-Ycalc) powder diffraction pat-
terns of the combined Rietveld refinements are shown in Figure 2a,b for X-ray and neutron
experiments, respectively. A minor secondary phase of La3TaO7 (space group symmetry,
Cmcm) was present in the powder, and quantified to 5 wt % through Rietveld analysis.
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Figure 1. Mg occupancy of LAMT: (a) Discrepancy of the (011)-Bragg peak intensity on the NPD 
data between the full and half Mg occupancy; (b) (011)-plane in the monoclinic unit cell. Isotropic 
displacement parameters are visualized at the 50% probability level. 

Observed (Yobs), calculated (Ycalc) and difference (Yobs-Ycalc) powder diffraction 
patterns of the combined Rietveld refinements are shown in Figure 2a,b for X-ray and 
neutron experiments, respectively. A minor secondary phase of La3TaO7 (space group 
symmetry, Cmcm) was present in the powder, and quantified to 5 wt % through Rietveld 
analysis.  
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Figure 1. Mg occupancy of LAMT: (a) Discrepancy of the (011)-Bragg peak intensity on the NPD
data between the full and half Mg occupancy; (b) (011)-plane in the monoclinic unit cell. Isotropic
displacement parameters are visualized at the 50% probability level.
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Figure 2. Combined Rietveld refinement of (a) PXRD data; (b) NPD data. Bragg peak positions are 
indicated as vertical lines below the difference curve, LAMT in blue, La3TaO7 in green. 

The results of the combined Rietveld analysis are summarized in Table 1. The atomic 
displacement parameters of all oxygen atoms were constrained to the same isotropic value 
(Biso) due to no meaningful values coming out of an anisotropic refinement. 
Crystallographic Information Files (CIFs) of the Si-reference (S1) and the LAMT (S2) have 
been deposited in the supplementary materials. 

Table 1. Results of combined Rietveld analysis on LAMT. 
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4e, 0.2854 (5), 0.7206 (7), 0.0396 (3), 1, 1.072 (8) 
4e, 0.5734 (2), 0.0123 (2), 0.2489 (8), 1, 1.072 (8) 

RBragg 3.66  2.67 
χ2, Rwp, Rp 3.71, 4.33, 3.22 

Domain size and microstrain [Dv, e] >200 nm, 2.9 (1)·10−4 
Note: Occ. = site occupancy factor, Biso = isotropic atomic displacement parameter in Å2, RBragg = Σ|Io 
− Ic|/Σ Io, χ2 = (Σ w (Yo − Yc)2/M − P)1/2, Rwp = (Σ w (Yo − Yc)2/Σ w Yo2)1/2, Rp = Σ|Yo − Yc|/Σ Yo 
where Io: observed intensity, Ic: calculated intensity, w = 1/σ (Yo)2, Yo: observed data, Yc: calculated 
data, M: number of data points, P: number of parameters, Dv = volume-weighted domain size as 
described in [16], e = strain as described in [17]. 

Selected interatomic distances and bond angles are provided in Table 2. These values 
correspond well with the literature values of similar complex rare-earth perovskites, 
La2Mg(Mg1/3Ta2/3)O6 [18] and La(Mg2/3Nb1/3)O3 [19], where the B-site cations are also 
arranged in a rock-salt-type ordering. The mean distances of the Al/Ta-O (1.984 Å) and 

Figure 2. Combined Rietveld refinement of (a) PXRD data; (b) NPD data. Bragg peak positions are
indicated as vertical lines below the difference curve, LAMT in blue, La3TaO7 in green.
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The results of the combined Rietveld analysis are summarized in Table 1. The atomic
displacement parameters of all oxygen atoms were constrained to the same isotropic value
(Biso) due to no meaningful values coming out of an anisotropic refinement. Crystallo-
graphic Information Files (CIFs) of the Si-reference (S1) and the LAMT (S2) have been
deposited in the supplementary materials.

Table 1. Results of combined Rietveld analysis on LAMT.

X-ray Neutron

Crystal system, Space group Monoclinic, P21/n

Lattice parameters: a, b, c [Å], β [◦]

5.566 (6)
5.568 (9)
7.867 (6)

89.98 (30)

5.567 (2)
5.565 (2)
7.866 (2)
89.97 (9)

Unit cell volume [Å3]

243.78 (60) 243.73 (15)

Atomic parameters [Wyckoff position, x, y, z, Occ., Biso]

La
Al/Ta

Mg
O1
O2
O3

4e, 0.4932 (2), 0.4764 (1), 0.2456 (5), 1, 1.566 (13)
2d, 0.5, 0, 0, 0.5, 0.663 (8)
2c, 0, 0.5, 0, 1, 0.663 (8)

4e, 0.2274 (6), 0.2197 (7), 0.0335 (3), 1, 1.072 (8)
4e, 0.2854 (5), 0.7206 (7), 0.0396 (3), 1, 1.072 (8)
4e, 0.5734 (2), 0.0123 (2), 0.2489 (8), 1, 1.072 (8)

RBragg 3.66 2.67

χ2, Rwp, Rp 3.71, 4.33, 3.22

Domain size and microstrain [Dv, e] >200 nm, 2.9 (1)·10−4

Note: Occ. = site occupancy factor, Biso = isotropic atomic displacement parameter in Å2, RBragg = Σ|Io − Ic|/Σ
Io, χ2 = (Σ w (Yo − Yc)2/M − P)1/2, Rwp = (Σ w (Yo − Yc)2/Σ w Yo2)1/2, Rp = Σ|Yo − Yc|/Σ Yo where Io:
observed intensity, Ic: calculated intensity, w = 1/σ (Yo)2, Yo: observed data, Yc: calculated data, M: number
of data points, P: number of parameters, Dv = volume-weighted domain size as described in [16], e = strain as
described in [17].

Selected interatomic distances and bond angles are provided in Table 2. These val-
ues correspond well with the literature values of similar complex rare-earth perovskites,
La2Mg(Mg1/3Ta2/3)O6 [18] and La(Mg2/3Nb1/3)O3 [19], where the B-site cations are also
arranged in a rock-salt-type ordering. The mean distances of the Al/Ta-O (1.984 Å) and
Mg-O (2.025 Å) of LAMT are also in good agreements with the calculated values (1.99 Å
for Ta-O; 2.07 Å for Mg-O) using the ionic radii by Shannon [20].

Table 2. Selected interatomic distances and angles of LAMT.

La-O [Å]
<La-O>

2.410 (4) − 3.292 (4)
2.799

Al/Ta-O [Å]

<Al/Ta-O>

1.966 (4) × 2
1.985 (3) × 2
2.001 (6) × 2

1.984

Mg-O [Å]

<Mg-O>

2.018 (6) × 2
2.026 (4) × 2
2.032 (3) × 2

2.025
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Table 2. Cont.

Al/Ta-O-Mg [◦]
156.2 (3)
160.6 (2)
156.9 (2)

O-Al/Ta-O [◦]

90.2 (1) × 2
89.7 (1) × 2
89.8 (1) × 2
90.3 (1) × 2
89.9 (1) × 2
90.1 (1) × 2

O-Mg-O [◦]

87.5 (1) × 2
92.5 (1) × 2
91.4 (1) × 2
89.3 (1) × 2
88.6 (1) × 2
90.7 (1) × 2

This kind of combined Rietveld analysis benefits from the strengths of each scattering
technique, in our case, the better detection of heavy elements via X-ray diffraction and high
sensitivity of neighbouring elements in the periodic table via neutron diffraction.

4. Conclusions

Complementary powder diffraction techniques using X-ray and neutron sources and
combining these data in a simultaneous Rietveld refinement yielded a more accurate crystal
structure analysis on LAMT. A thorough investigation of the heterogeneous B-site cation
ordering of Mg, Al and Ta was established involving both of the techniques. The heavy
element Ta could well be detected through X-rays, whereas the neighbouring elements Mg
and Al, with their different characteristic scattering lengths, through neutrons revealed
their exact configuration in the crystal structure. Hence, a full occupancy of Mg on the
2c-Wyckoff position and each a half occupancy of Al and Ta on the 2d-Wyckoff position
could be pinned down in the end.

Supplementary Materials: Crystallographic Information Files (CIFs) can be downloaded at:
https://www.mdpi.com/article/10.3390/solids4010006/s1, Supplementary S1: Si-reference.cif;
Supplementary S2: LAMT.cif.
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