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Abstract: Oxynitrides such as LaTa(O,N)3 are attractive materials as photoelectrodes for photoelectro-
catalytic solar water splitting. The potential anionic ordering in their perovskite-type structure has
been shown to impact the materials’ properties. Given the importance attributed to it, the present
study reports a detailed experimental analysis supported by simulations of the anionic ordering of
Laj_,Y<Ta(O,N)3. The influence of O/N and yttrium content on the anionic order was assessed.
Neutron diffraction analysis was performed on four different nominal compositions—LaTaONj,,
LaTaO;N, Lag9Y(1TaONp, and Lag¢Y(1TaO,N—at 10 K and 300 K to study potential long-range
ordering. Neutron pair distribution function (PDF) analysis was performed on all samples at 10 K
and on non-Y-substituted samples at 300 K to evaluate short-range ordering. There was no evidence
of long-range O/N order in any of the compounds. In contrast, at a short range (1.5 A <r <6 A), a
Pnma (a~b*a™) tilting pattern and local cis-ordering of the anions were seen. The latter faded rapidly,
leaving the Prma tilting pattern in a 6 A < r < 11 A range. At higher distances, the PDF analysis
agreed with the Imma (a~b%~) O/N disordered long-range structure. As the O/N content changed,
not much difference in behavior was observed. Yttrium substitution introduced some disorder in the
structure; nonetheless, it showed marginal influence on octahedral tilting and anionic ordering.

Keywords: perovskites; oxynitrides; anionic ordering; neutron diffraction; pair distribution function;
cluster expansion

1. Introduction

The conversion of solar energy into a chemical fuel such as hydrogen is attracting
attention as a sustainable way to satisfy the world’s energy demand. One possible way to
achieve it is through photoelectrocatalytic solar water splitting (SWS). The SWS mechanism
entails many steps, with the first of them being photon absorption, which requires visible-
light-responsive semiconductor materials [1,2].

Mixed anion compounds, especially oxynitrides, are highly interesting because of
their diversity of properties such as superconductivity, high dielectric constant, photolumi-
nescence, and photocatalytic activity [3-5]. By (partially) substituting oxygen in precursor
oxides, there is a lift of the valence band maximum (VBM) of the materials given that N 2p
orbitals have higher energy than the O 2p ones [1,6]. Thus, oxynitrides typically possess
a lower band gap than their corresponding oxides, making them attractive materials as
electrodes for SWS [3]. Such an anionic doping process also leads to charge compensation
mechanisms, since N3~ is introduced in the lattice where only O?~ anions are present.
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Consequently, a change in the Fermi level and defects in the crystal structure, such as
oxygen vacancies, can come as an effect of the partial substitution of oxygen by nitrogen [7].
What results is a link between anionic doping—and hence the anionic ordering—and the
electronic structure, which is highly important to understand.

Many oxynitrides, as in the case of LaTa(O,N)3, have a perovskite-type crystal structure
and characteristic formulas such as ABO,N and ABONj, in which A is usually a lanthanide,
an alkaline, or an alkaline earth cation, and B is a transition metal cation. In the case of a
cubic lattice, cation A is coordinated by 12 anions, and cation B is coordinated by six anions,
forming a corner-sharing octahedral B(O,N)¢ building block [2,8]. Whether the anions in
the ABO;N and ABONj structures are ordered, and if so, what that order is, remain key
questions that are being more and more investigated nowadays, as they can largely alter
physical properties [3,4].

There are several properties that influence the band gap of oxynitrides, such as
the nitrogen content, oxidation state of the cations, and distortion of the octahedral net-
work [3,9-11]. In addition to these factors, strain and anionic ordering are also known to
control the band gap [2,12,13]. Thus, the degree of O/N ordering has been gaining attention
as a way to tailor oxynitride crystal structures and electric properties [4]. The arrangement
of N3~ and O?~ in the crystal structure highly impacts its material properties, especially
the optical and dielectric ones [3], entailing more thorough studies on anionic ordering.
According to the literature, anion distributions in oxynitrides have been shown to go from
fully ordered [14], to partially ordered [15,16], to completely disordered [17].

LaTaONj has been initially reported to show a trans-ordering of the anions on a long
range [18]. Later studies confirmed the absence of long-range O/N ordering, also based on
neutron diffraction data, but a local anionic ordering where layers of disordered cis-anion
chains are formed in 2D planes, indicating partial O/N ordering as observed, e.g., for
BaTaO,N [19,20], could not be ruled out [3].

This type of ordering has also commonly been observed in the more extensively
studied Sr'TaO;N, where there is a preferential partial ordering with the -B—(O,N)-bonds
forming cis-oriented chains in the equatorial planes of the BO4N; octahedra [5,8,21,22].

One of the motivations of the present paper was to better understand the long-range
and short-range anionic ordering of LaTa(O,N)s, to verify whether there is similar behavior
between ABO,N and ABON3, and to gain insight into whether the oxygen and nitrogen con-
tent has an influence on the ordering. LaTaO,N is accessible from nanocrystalline LaTaOy,
while the ammonolysis of microcrystalline LaTaOy results in the formation of LaTaON, [23].
However, X-ray diffraction shows a poor contrast between neighboring elements in the
periodic table, as is the case of oxygen and nitrogen [24]. Thus, powder neutron diffraction
(ND) analysis was performed on LaTaO,;N and LaTaON; at temperatures of 10 K and 300 K
(room temperature (RT)), and the data were refined using the Rietveld method to identify
the best fitting O/N distribution pattern.

Furthermore, in a prior study [10], the potential for band gap tunability was demon-
strated in Y-substituted LaTaO,N, making it the next logical step to analyze the O/N
ordering of the material, both on long and short ranges. This would make it possible to
understand the impact of ordering on band gap tailoring and the potential correlation
between yttrium content and anionic ordering. Thus, powder ND measurements were
performed on Lap9Y(1Ta(O,N); at 10 K and RT for the study of anionic ordering in the
long range. Additionally, the pair distribution function (PDF) analysis was conducted
on LaTaO,N and LaTaONj, at 10 K and RT, as well as on LaggY(1Ta(O,N); at 10 K, to
investigate the short-range O/N ordering.

Moreover, density-functional theory (DFT) calculations were performed to further
elucidate the experimental findings. For this, the cluster expansion (CE) method was used,
where the energies of representative configurations obtained by DFT are parameterized.
Consequential Monte Carlo (MC) simulations were utilized to examine possible phase
transitions and associated changes in the anionic ordering with varying temperatures. The
focus of the DFT analysis was the experimental crystal structures of the LaTaON; perovskite-
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type oxynitride, specifically in the space groups Imma, Pnma, and Pmn2;, selected based on
the findings of the PDF analysis.

2. Results and Discussion
2.1. Long-Range Structural Analysis of (La,Y)Ia(O,N)3

Neutron diffraction analysis was performed on the four samples at both 10 K and
300 K to investigate the presence of anionic ordering in the long range. The measurements
at 300 K allowed us to analyze the samples at room temperature in their usual state. The
measurements at 10 K were performed to minimize any thermal effects on the lattice, such
as thermal vibrations, which can cause atomic displacement. For X-rays, it is well known
that such effects can decrease the intensity of the diffracted beams [25]. For neutrons, the
coherent scattering length b, is typically considered to be Q-independent. However, thermal
vibrations and atomic displacement/disorder leads to a Debye-Waller-type dampening of
the diffraction intensity, as described by B values [26]. Moreover, we aimed to ascertain
whether cooling had any influence on the crystal structure before proceeding with pair
distribution function analysis at 10 K.

All the neutron diffraction patterns obtained were refined by the Rietveld method [27,28]
using the Fullprof 2k software (version 6.30) [29] for a better understanding of the long-range
O/N order, testing various structural models involving different anionic ordering patterns.
Two trans-ordered structural models, in space groups C2/m and Imma, two cis-ordered mod-
els, 121212 and Ima2, and one random-order model, Imma, were used. These models were
chosen according to Porter et al. [3], who have indicated that LaTaON; shows an a ba~
pattern of octahedral tilting and therefore can adopt any of these anion-ordering models.
Additionally, the latter model is in agreement with synchrotron diffraction data presented
in a previous study [23]. Firstly, all collected neutron diffraction patterns at 300 K were
refined as a random-ordered model in Imma using free refinements of the O and N content,
while having an overall constraint to an anionic content of 3 and respecting the maximum
possible site occupation factor of 1. The results are summarized in Table 1. For LaTaON,
and Lag 9Y( 1 TaONy, within experimental uncertainty, the nominal compositions were con-
firmed by the refinements. It is important to note that the refinements of the Lag 9Y1TaO,N
compound revealed that the real composition was Lag9Y0.1TaOq 58(7)N1.42(7). For LaTaO2N,
the situation remained somewhat unclear as the free refinements strongly pointed to the
presence of a N-rich composition. However, in parallel, the Bjs, values of O(1)/N(1) and
O(2)/N(2) were significantly enlarged at the same time, indicating the presence of too
much scattering density. This behavior is also in contrast to the observed behavior of
LaTaON; and Lag9Yg1TaON>, where the free refinements of O and N content resulted in
significantly lower B values compared to the refinements using fixed compositions. For
simplification purposes, the compounds are hereafter solely referred to by their nominal
compositions. Secondly, the above-described O/N long-range ordered models were tested
and the best-fitting models were determined based on the lowest x? values obtained from
the Rietveld refinements, provided that the refinements could be based on physically
meaningful parameters.

Table 1. Summary of the nominal compositions and refined O and N content at 300 K using the
randomly ordered Imma structural model.

Nominal Composition Refined Composition
LaTaO,N N/A*
LaTaONz LaTa01 .03(6) Nl 97(6)

LagoYo1TaO2N Lag9Yo.1TaO1 5817)N1.42(7)
Lag9Y0.1TaON, Lag.9Y0.1TaOp 98(5)N2.02(5)

* The refinements were not fully conclusive as they indicated a N-rich composition, while simultaneously, the Big,
values of O(1)/N(1) and O(2)/N(2) pointed to a scattering density that was too high.
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As an example, the refined neutron diffraction patterns of the 300 K measurements
are illustrated in Figure 1a—d. The refined patterns of the 10 K measurements can be found
in the Supplementary Materials (Figure Sla—d). The refined results are summarized in

Table S1.
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Figure 1. Refined neutron diffraction (A = 1.59417(2) A) patterns of (a) LaTaONj, (b) LaTaO;N,
(c) LapoY(.1TaONy, and (d) LaggYp1TaO,N at 300 K using the Imma random anionic ordering
structural model. The red dots represent the experimental data, the black line the calculated pattern,
and the blue line the difference curve. Green hash marks represent the indexed reflections of the
oxynitrides and gray hash marks the indexed reflections of the vanadium sample holder. Pink hash
marks in (c) represent the indexed reflections of TazNs5, and yellow hash marks the indexed reflections
of Y,0O3. Additionally, the reflections of TazN5 and Y,O3 are marked with * and V, respectively, in
(c), for consistency with Figure Slc.

The nominal compositions of the materials and the different tested structural mod-
els used for refinements at 10 K and 300 K are summarized in Table 2, along with the
corresponding x? values.

By observation of the x? values presented in Table 2, it is evident that the disordered
structural refinements using the Imma random structural model provided the best fit for
all compositions as indicated by the lowest numbers. This is evidence that there is no
long-range O/N order in the measured (La,Y)Ta(O,N); materials. It is important to note
that although some of the x? values are lower for other structural models on some of
the samples, these values were obtained by refinements that involved non-physically
meaningful parameters, such as a negative Bjs,-value, which is the isotropic, temperature-
dependent Debye-Waller atomic displacement parameter. Nevertheless, these refinements
of alternative structural models have been included for completeness. All refinements were
carried out in a manner to maintain consistency in the number of free parameters, ensuring
a reasonable comparison between the different refinement models.
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Table 2. Summary of the 2 values obtained in Rietveld refinements of the neutron diffraction patterns
of all samples at 10 K and 300 K using different structural models. The lowest values obtained by
refinements based on physically meaningful parameters are highlighted in bold. N/A refers to the
fact that since the real composition of the compound was LaggY0.1TaO1 587Ny 42(7), the structural
model was non-applicable.

Nomir.la'l T (K) C2/m . 1212424 ' Ima2 Imma Imma
Composition (trans-Ordered) (cis-Ordered) (cis-Ordered) (Random) (trans-Ordered)
wmoN 1 3% o o a4 278
LaTaON, 31000 Ol 92959## izg : o1 §3955,## (1)(1)2 01..92475##
LaggYp.1TaO2N 31000 E;i E;i E;ﬁ iiz E;ﬁ
LaosYorBON: vl st 27 72 o9t

# The refinements involved non-physically meaningful parameters.

However, it has been shown that in some materials, although there is no long-range
O/N order, there is intermediate anionic ordering characterized by local clustering that can
generate well-ordered local anion arrangements [2]. An example of such local ordering,
most frequently observed in SrTaO;N and some LaTaONj studies, is the formation of
layers of zig-zag Ta—N chains that lead to local cis-N-Ta-N configurations. Porter et al. [3]
explained that cis-configurations are favored over trans-configurations because of lower
lattice enthalpies in the former. Additionally, the propensity for a cis-configuration does
not result in long-range anionic ordering because there are numerous distinct cis-ordered
structures with similar enthalpies.

To shed light on the experimental findings, we performed theoretical investigations
combining DFT calculations, CE modelling, and Monte Carlo simulations. Focusing on
the experimental crystal structures of LaTaONp, a set of 300 configurations was generated,
featuring randomly distributed O/N atoms within a 40-atom supercell. These configura-
tions were uniquely crafted to ensure energetic distinctiveness, eliminating the possibility
of symmetrical equivalence between any two randomly created configurations. Figure 2
depicts the Imma crystal structure of LaTaONj, where orbit indices 2, 3, 4, and 5 represent
the possible first-nearest-neighbor (1NNs) configurations of N-N, N-O, and O-O; while
orbit indices 8, 9, and 10 represent the possible second-nearest-neighbor (2NNs) configu-
rations of N-N, N-O, and O-O. The experimental lattice parameters were dexp = 5.701 A,
bexp = 8.041 A, and Cexp = 5.736 A and the calculated lattice parameters were identical,
except for ¢, = 5.707 A.

Our DFT calculations were performed using the augmented plane wave method
as implemented in the Vienna Ab initio Simulation Pack (VASP) [30,31], where the total
energies of all 300 configurations were evaluated after full geometric optimization. The
DFT-calculated energies of the randomly generated configurations were then fed into the
CE models through linear fitting, utilizing the automatic relevance detection regression
(ARDR) algorithm implemented within the integrated cluster expansion toolkit (ICET) [32].
The results of this fitting of the elective cluster interactions can be seen in Figure S2. The
Monte Carlo simulations were conducted using the MCHAMMER module of ICET. A
significantly larger 12 x 12 x 12 supercell was employed for these simulations, operating
in the canonical ensemble. We adopted a simulated annealing procedure, where the
temperature was gradually decreased from 2000 K to 0 K at a rate of 100 K per 100,000 MC
cycles. Throughout these simulations, monitoring of cluster counts was maintained to
provide statistical insight into the distribution and interaction between O and N occupations.
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Moreover, it facilitated the characterization of the temperature-dependent behavior of the
nearest neighbors for specific species.

1NNs:
Orbit Index: 2, 3, 1,5
Distance:

2.851,2.897, 4

2.934 2NNs:

Orbit Index: 8, 9,
Distance:
4.091, 4.091,

A

Figure 2. Symmetrically non-equivalent two-body clusters in the cluster expansion of the total energy
as a function of O/N occupation in Imma LaTaONjy. Orbit indices 2, 3, 4, and 5 represent the N-N,
N-O, and O-O possible first-nearest-neighbor (INNs) configurations, and orbit indices 8, 9, and
10 represent the N-N, N-O, and O-O possible second-nearest-neighbor (2NNs) configurations. The
gray ions represent lanthanum, the blue/green ions represent the anions, oxygen and nitrogen, and
the ions inside the octahedral structure represent tantalum. O1 and O2 represent, respectively, the
N(1)/0(1) and N(2)/O(2) positions of the anions, oxygen and nitrogen.

The Monte Carlo results displayed in Figure 3a indicate that there is no preference
for the nitrogen ions to occupy a specific Wyckoff position in the structure of LaTaON3.
This supports the observation based on the neutron diffraction analysis above, which
indicates that the disordered Imma structure is preferred in LaTaONj,. Furthermore, as
seen in Figure 3b, the number of two-body N-N clusters in the second-nearest-neighbor
configuration—represented by indices 8, 9, and 10—approaches much lower numbers
when compared to the number of two-body N-N clusters in the first-nearest-neighbor
configuration—represented by indices 2, 3, and 4—including at our material’s synthesis
temperature of T = 1275 K. This indicates that the propensity for a cis-configuration in
LaTaON; was confirmed by the MC simulations.

a
( ) —N(1 ) (b) 10,240 atoms; 1,900,000 MC steps
0704 —N@)
10,240 atoms;
g 1,900,000 MC steps ~ 2 N-N
© = ——3_N-N
W 0684 u
> g 4_N-N
g 5 8 N-N
g 8 —9 N-N
3 2 ——10_N-N
o 2
8 0.6 g
2 o
5
0.64
T T T T T T T T T T T T T T T
2000 1750 1500 1250 1000 750 500 250 2000 1800 1600 1400 1200 1000 800 600 400 200
T(K) T(K)

Figure 3. (a) The N site occupancy factors at two non-equivalent sites at different temperatures;
(b) numbers of specific two-body clusters of Imma LaTaON,, at different temperatures.

Thus, a pair distribution function (PDF) analysis was performed for a better under-
standing of the anionic order in (La,Y)Ta(O,N);. Various structural models were tested
for all samples at 10 K and for the LaTa(O,N)3 ones at 300 K. Different tilting and O/N
ordering patterns at diverse length scales were tested. The best-fitting models were chosen
based on the lowest R, values obtained from the pattern refinements.
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2.2. Short-Range Structural Analysis of (La,Y)Ta(O,N)3
2.2.1. LaTaON, and LaTaO,N

First, a definition of three models is vital for the analysis of the PDF data. A “dis-
ordered” model as observed from the neutron diffraction refinements on a long range is
one where O and N share both sites with a 0.333/0.667 ratio in the case of LaTaON; and a
~0.667/0.333 ratio in the case of LaTaO,;N; an “ordered” model corresponds to one where
the N(1) site is occupied only by oxygen; and an “inverse-ordered” model describes a
situation where the N(1) site is occupied only by nitrogen atoms.

The best fit in LaTaONj; at 10 K for the average structure (space group: Imma) with a
disordered model can be seen in Figure 4a.

(b) N(1)/O(1)

LaTaON, at 10 K
Imma disordered

2 4 6
r(A)

o -
=
o

Figure 4. (a) Best fitting PDF pattern for the average structure of LaTaONj at 10 K, with the space
group Imma, a disordered model, and using the U(La,O(2)/N(2))aniso thermal parameters, where the
red dots represent experimental data, the black line the calculated pattern, the blue line the difference
curve, and the gray line is the offset zero line of the difference curve as serves as a guide to the eye;
(b) section of the crystal structure of LaTaONj at 10 K using the same model, where the light gray
ellipsoid ions represent lanthanum, the purple ions represent the tantalum, the small spherical green
ions represent the N(1)/O(1) positions of the anions, oxygen and nitrogen, and the large ellipsoid
green ions represent the N(2)/O(2) positions of the anions.

Then, different models were tested, setting selected (or all) U values as anisotropic.
The fit quality improved only when the U(La) and U(O(2)/N(2)) thermal parameters
were considered anisotropic, different to the U(Ta) and U(O(1)/N(1)) case. In addition,
no ellipsoid elongation was observed in the last two cases. To avoid having too many
parameters and correlations among them, in the following refinements only, the U(La)
and U(O(2)/N(2)) thermal parameters were set as anisotropic. This fit resulted in the Ry,
values seen in Table 3, for both LaTaON, and LaTaO,;N. When trying to introduce other
models or other kinds of thermal parameters, no significant improvements in R;, values
were observed, as shown in Table S2.

By observation of the crystal structure of LaTaON, with the U(La,O(2)/N(2))aniso
thermal parameters and space group Imma, seen in Figure 4b, it was possible to distinguish
elongated ellipsoids of the (O(2)/N(2)) sites along the b-axis. This could indicate either
a positional disorder on the O(2)/N(2) site, implying different N-Ta-N, N-Ta-O, and
O-Ta-O bond angles in the structure, or tilting along the b-axis.

All the anionic ordering patterns, both trans-(Imma and C2/m) and cis-(Ima2 and
1212421), as described in Porter et al. [3], were tested, resulting in higher Ry, values and
indicating a lack of order in the fitting range of up to 11 A in any of these models. This,
along with the disordered Imma structure R,, values shown in Table 4 for more expanded r
ranges, corroborates the previous conclusion drawn from the neutron diffraction analysis,
which ruled out the possibility of long-range ordering.
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Table 3. Ry, values obtained using three distinct models in the PDF analysis for both LaTaON; and
LaTaO,N at 10 K, in the short (1.5 A < r < 5.5 A) and wider (1.5 A <r <11 A) ranges. The lowest
values obtained for each composition are highlighted in bold.

Ry Ry
Compound Model (1.5 A-5.5 A) (1.5 A-11 A)

Imma_disordered 0.117 0.144

LaTaON, Pnma_inverse-ordered 0.102 0.132
Pmn2;_along-c-axis 0.092 0.129

Imma_disordered 0.138 0.181

LaTaO,N Prnma_inverse-ordered 0.121 0.156
Pmn2,_along-c-axis 0.107 0.151

Table 4. Ry, values obtained using three distinct models in the PDF analysis for LaTaON; at 10 K, in 6
different ranges, going from shorter to longer ranges. The lowest obtained values for each range are

highlighted in bold.
Model Ry Ry Ry Ry Ry Ry
(1.5 A-5.5A) (1.5 A-8.2A) (1.5 A-11 A) (5A-15A) (10 A-20 A) (15 A-25A)
Imma_disordered_Ujg, 0.146 0.211 0.195 0.188 0.268
Imma_disordered
- 0.117 0.143 0.144 0.132 0.185 0.179
_Uaniso(La,N(2))
Prma_inverse- 0.102 0.137 0.132 0.149 0.192 0.214

ordered_Ujg,

For both compositions, LaTaON, and LaTaO;N, at 10 K, the addition of in-phase
rotation of the octahedra in the perovskite-type structure along the b-axis brought a good
fit, as depicted in Figure 5a,b.

(a) ©

LaTaO,N at 10 K
Pnma inverse ordered

LaTaON, at 10 K (b) 6

4 Pnma inverse ordered

c
U] 04
_2_
4\ A N\ A AN AMA AN A\
\]\,J\/V VARAVAAATARY VAAVARAV=vae
-4 T T T T T T T T T T
2 4 6 8 10 2 4 6 8 10
r(A) r(A)

Figure 5. PDF pattern fits of (a) LaTaONj at 10 K and (b) LaTaO,N at 10 K, in the 1.5 A<r<i11A
range, obtained after the addition of in-phase rotation of the octahedra along the b-axis, leading to
the space group Pnma and inverse-ordered models. The red dots represent experimental data, the
black line the calculated pattern, the blue line the difference curve, and the gray line is the offset zero
line of the difference curve as serves as a guide to the eye.

The N /O site occupation was allowed to fluctuate, resulting in inverse-ordered models.
After introducing tilting along the b-axis, only isotropic thermal parameters were necessary,
and the difference between the O(1)/N(1) and O(2)/N(2) thermal parameters was the small-
est using this model, with U(O(1)/N(1))iso = 0.004(1) A2 and U(O(2)/N(2))iso = 0.010(2) A2
for LaTaON,, and U(O(1)/N(1))iso = 0.003(1) A% and U(O(2)/N(2))iso = 0.008(2) A2 for
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LaTaO,N. This fit revealed a Pnma (a~b*a™) tilting pattern, with Ry, values that can be seen
in Table 3 for both compositions.

However, noticeable differences can be seen in the fit in the 2.2 A < r < 3 A interval,
which could indicate the confinement of oxygen at the N(2) site; leading to a hidden order
at a local scale. Applying, in LaTaONj, local O/N ordering along the c-axis, with the
formation of alternate ... -N-N-N-... and .. .-O-O-O-. .. rows running along either the
c- or the g-axis, as shown in Figure 6a, resulted in the best fit in the local range. With this
model, each octahedron had an edge formed by two oxygen ions in the ac plane, and the
lattice symmetry should be changed to Pmn2;. However, to reduce the number of variable
parameters, the symmetry constraints and axis orientations of Pnma were maintained and
only the shift of the tantalum atom towards the N-N edge was introduced here as one
degree of freedom.

LaTaON, (b)
Order along ¢ s - @ . T LaTaO,N
I o
e N/O Order along ¢ s = 2
: s
y=0 i« : wioy=% 0 :
‘ i B - : ol oye%
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Figure 6. Representations of the atomic structures of (a) LaTaON; and (b) LaTaO,N ordered along
the c-axis. Space group: Pmn2;. The dashed lines represent the equatorial planes of the octahedra.

For LaTaO;N, the same structure was applied by simply exchanging the O/N ratio and
turning positions 22 and 28 from nitrogen atoms into oxygen atoms, as seen in Figure 6b,
and this model also resulted in the best fit.

The fits obtained after applying the aforementioned models can be seen in Figures 7b and 8b.
The Ry, values obtained are represented in Table 3, and U(O(1)/N(1)) = U(O(2)/N(2)) was
introduced as a constraint for both compositions to reduce the number of fluctuating
parameters, implying equal disorder on both sites.

5 5
(a) LaTaON, at 10 K (b) LaTaON, at 10 K’

44 ‘ana inverse ordered 44 ‘F’ng1 along c-axis

r(&) r(R)

Figure 7. PDF pattern fits of (a) LaTaON at 10 K, with in-phase rotation of the octahedra along the
b-axis, space group Pnma, and an inverse-ordered model, and (b) LaTaONj at 10 K, with the addition
of local O/N ordering along the c-axis and space group Pmn2;. Both wereina 1.5 A <r <55 A
range. The red dots represent experimental data, the black line the calculated pattern, the blue line
the difference curve, and the gray line is the offset zero line of the difference curve as serves as a
guide to the eye.
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@ ] — Lataonatiok] (D) LaTaO,N at 10 K

Pnma inverse ordered Pmn2, along c-axis
1

-6 -6

Figure 8. PDF pattern fits of (a) LaTaO,N at 10 K, with in-phase rotation of the octahedra along the
b-axis, space group Pnma, and an inverse-ordered model, and (b) LaTaO,N at 10 K, with the addition
of local O/N ordering along the c-axis and space group Pmn2;. Both wereina 1.5 A <r <55 A
range. The red dots represent experimental data, the black line the calculated pattern, the blue line
the difference curve, and the gray line is the offset zero line of the difference curve as serves as a
guide to the eye.

Figures 7a and 8a represent a scaling down of the fits using the Pnma model seen in
Figure 5a,b to the 1.5 A < r < 5.5 A range for better comparison.

By putting the Pnma inverse-ordered models side by side with the models ordered
along the c-axis, a fit improvement was observed in the 2.2 A < r <3 A interval of the
latter model (Figures 7b and 8b) for both compounds. Furthermore, although there was a
lower improvement in the fit in the widest range of LaTaONj, the Ry, of both materials was
clearly lower in the shortest range when compared, as seen in Table 3.

As an overview, for both LaTaON; and LaTaO;N, the best fit expressed by the lowest
Ry values for the wider (r < 11 A) and shorter (r < 5.5 A) ranges was obtained by the Pmn2;
model, which indicated a Pnma (a~b*a™) tilting pattern and local cis-ordering of the anions
along the c-axis. However, in both cases, the Ry, values of the Pnma and Pmn2; models
became closer in the widest fitting range, indicating a dampening of the cis-ordering along
the c-axis in the wider range.

The content of oxygen and nitrogen has little influence on O/N ordering since both
materials present a preference for cis-anionic ordering in a local range, and no anionic
ordering in the long range. Only the coherence of the cis-ordering in LaTaO;N is affected
by the O/N content.

When it comes to the coherence length of the in-phase tilting along the b-axis in
LaTaON)y, as seen in Table 4, the best fit up to 11 A was always the one that took tilting
into account. However, above 11 A, the experimental data were best fitted by the Imma
disordered structure. This may be an indication that the coherence length of tilting is about
1 nm, which may then be limited by antiphase boundaries that break the tilting correlation.

As for the fits of both compositions at 300 K, the conclusion is much the same as
for the fits of the samples at 10 K: there is octahedral tilting along the b-axis and local-
ized cis-ordering of the anions. Overall, the Ry, values are lower (Ry(LaTaONy) = 0.075;
Ry(LaTaO,N) = 0.064 at 1.5 A <r<55 A); however, the peak broadening due to thermal
vibrations makes it harder to distinguish between the different tested models.

A theoretical analysis was performed using the same approach described in the
previous section. Figures S3 and S4 display the results for the obtained Pnma and Pmn2;
crystal structures of LaTaONp, respectively, in which the specific orbit indices representing
the existing first-nearest-neighbor and second-nearest-neighbor configurations in each
structure can be distinguished. The lattice parameters are summarized in Table S3. The
results of the fittings of the elective cluster interactions of Pnma and Pmn2; LaTaON; can
be seen in Figure S5 and Figure S6, respectively.
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The Monte Carlo results depicted in Figure 9 support the results obtained by the PDF
analysis, as they indicate a preference for a cis-configuration in LaTaONj. Since the number
of two-body N-N clusters in the second-nearest-neighbor configuration—represented by
indices 11, 12, and 13 in Figure 9a and indices 21, 22, and 23 in Figure 9b—is lower than the
number of two body N-N clusters in the first-nearest-neighbor configuration—represented
by indices 2, 3, and 4 in Figure 9a and indices 7, 8, and 9 in Figure 9b—including at our
materials synthesis temperature of T = 1275 K, this indicates that for both Pnma and Pmn2,
LaTaON)j, there is a cis-configuration preference.

(a) S — ]
3 35
S 2_N-N S
= ——3_N-N =
3 4N-N E
3 A 11_N-N o
5 12_N-N &
2 ——13_N-N @
a 3
8 34,560 atoms 5} ——23 N_N
Pnma -
. 34,560 atoms
T T T Y y )
2000 1500 P 500 2000 1500 1000 500
T(K) T (K)

Figure 9. (a) Numbers of specific two-body clusters of Pnma LaTaON; at different temperatures and
(b) numbers of specific two-body clusters of Pmn2; LaTaONj at different temperatures.

In order to incorporate the effect of anionic ordering, a 40-atom special quasi-random-
ordered (SQoS) [33,34] supercell was constructed by cluster correlation functions calculated
at T =1750 K, 1500 K, 1250 K, 1000 K, 750 K, and 500 K, as a representative structure in the
space groups Imma, Pnma, and Pmn2; LaTaON; at finite temperature. These temperatures
were selected for the construction of the SQoS to cover a range from well above the synthesis
temperature to well below it, providing insight into the ordering behavior across different
thermal conditions, so as to simulate an annealing procedure.

The structurally relaxed SQoS energies of space groups Imma, Pnma, and Pmn2; of
LaTaONj, which are temperature-dependent, are represented in Figure 10, and simulate
representative structures characterized by a short-range order. As a reference, the special
quasi-random (5QS) Imma supercell structure, depicted in a black dashed line in Figure 10,
simulates a configurationally fully disordered system. The fundamental idea consisted
of identifying a specific configuration within a given supercell, wherein the component
atoms were distributed as randomly as possible. The SQS is temperature-independent. The
energy comparison revealed that the ordered Imma structure had a significantly higher
energy (~30 meV) compared to the SQS Imma supercell structure at T = 1750 K, indicating
that the disordered Imma structure (represented by the SQS) is favored at very high tem-
peratures, as observed in Figure 10. The energies of the SQoS Pnma and Pmn2; structures
are comparable to the disorder energy. As the temperature decreased towards 1000 K, the
SQoS structure of Imma became progressively more stable. Overall, the three phases coexist
at low temperatures and the energy difference (~30 meV) was of the same magnitude as
the thermal fluctuation. At the synthesis temperature, T = 1275 K, the energies of all SQoS
structures were comparable to the energy of the Imma disordered structure. This suggests
no clear preference for either structure.

2.2.2. La0_9Y0_1Ta(O,N)3

The same fitting process was applied to the PDF data of the Y-substituted compounds,
Lap9Yp1TaON, and Lag9Y(1TaO;N, and the overall features presented minimal change
from the non-substituted to the isovalently substituted samples.
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Figure 10. DFT energies of a special quasi-random-ordered (SQoS) supercell constructed for LaTaON»
in the space groups Imma, Pnma, and Pmn2;. The dashed line shows the special quasi-random (SQS)
supercell energy of the Imma structure.

The addition of in-phase rotation of the octahedral network along the b-axis yielded
good fits, as depicted in Figures 11a and 12a. A disordered model was observed in
Lag9Y(1TaON,, whereas an inverse-ordered model was noted in Lag 9 Y 1 TaO,N. The latter
might have been caused by the 1:1 O/N ratio, as observed from the neutron diffraction
data. Both compositions exhibited a Pnma (a~b*a™) tilting pattern, with corresponding Ry,
values that are summarized in Table 5. By applying local O/N ordering along the c-axis,
the best fits in the local range were achieved, as illustrated in Figures 11b and 12b. These
fits resulted in Ry, values that are presented in Table 5.

(b)

LaggYo4TaON, at 10 K Lay¢Yo41TaON, at 10 K
44 Pnma disordered 44 Pmn2, along c-axis

r(A) r(A)

Figure 11. PDF pattern fits of (a) Lag9Y(1TaONj; at 10 K, with in-phase rotation of the octahedra
along the b-axis, space group Pnma, and a disordered model, and (b) Lag9Y1TaONj at 10 K, with the
addition of local O/N order along the c-axis and space group Pmn2;. Both wereina 1.5 A<r<55A
range. The red dots represent experimental data, the black line the calculated pattern, the blue line
the difference curve, and the gray line is the offset zero line of the difference curve as serves as a
guide to the eye.

When comparing the Pnma models with the models ordered along the c-axis, a slight
fit improvement was observed for both compounds in the latter model. Furthermore, the
Ry, values of both materials slightly decreased in the shortest range when comparing the
two different models.
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Figure 12. PDF pattern fits of (a) Lag 9Y(1TaO,N at 10 K, with in-phase rotation of the octahedra along
the b-axis, space group Pnma, and an inverse-ordered model, and (b) Lag9Y(1TaO,N at 10 K, with the
addition of local O/N order along the c-axis and space group Pmn2;. Both wereina 1.5 A<r<55A
range. The red dots represent experimental data, the black line the calculated pattern, the blue line
the difference curve, and the gray line is the offset zero line of the difference curve as serves as a
guide to the eye.

Table 5. Ry, values obtained using three distinct models in the PDF analysis for both Lag Y 1TaON;
and Lag 9Yo1TaO,N at 10K, in the short (1.5 A < r < 5.5 A) and wider (1.5 A <r <11 A) ranges. The
lowest values obtained for each composition are highlighted in bold.

Ry Ry
Compound Model (1.5 A-5.5 A) 1.5 A-11 A)

Imma_disordered 0.124 0.140

LaggYp1TaON, Pnma_disordered 0.107 0.130
Pmn2;_along-c-axis 0.101 0.132

Imma_disordered 0.124 0.152

LaggYp1TaO,N Pnma_inverse-ordered 0.108 0.133
Pmn2;_along-c-axis 0.105 0.127

Yttrium substitution did not alter the tilting pattern along the b-axis, which remained
as Pnma (a~b*a™), nor did it affect the ordering patterns, as the local cis-ordering of the
anions remained. However, as shown by the fits represented in Figures 11 and 12, isovalent
substitution did introduce some additional disorder in the structure, affecting the quality
of the fit and making the PDF analysis more challenging. This may indicate a dampening
of the cis-ordering of the anions with the introduction of yttrium into the compounds, as
is confirmed by the R;, values presented in Table 5, since in the 1.5 A < r < 11 A range,
the Ry, gets higher when compared to the shorter range and, in the case of Lag¢Y(1TaONp,
the lower R, value was obtained by the Pnma space group model in the widest range
compared to Pmn2; in the shortest (1.5 A<r<55 A) range.

3. Materials and Methods
3.1. Synthesis of LaTaO;N and LaTaON,

The oxynitrides LaTaO,N and LaTaON; were synthesized from the respective pre-
cursor oxides via thermal ammonolysis, at 900 °C for 10 h, with an NHj3 gas flow rate of
300 mL/min (>99.98%; Westfalen AG, Miinster, Germany). A second ammonolysis cycle
was carried out at 1000 °C for 14 h, using a KCI flux (>99%, Ph. Eur.; Carl Roth GmbH & Co.
KG, Karlsruhe, Germany) with a sample-to-flux weight ratio of 1:1, as a way of contributing
to a more homogeneous material and to a lower defect concentration, which enhances the
material’s purity and crystallinity [35,36]. Further details regarding the synthesis of the
precursor oxides and the oxynitrides can be found in the study by Bubeck et al. [23].
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3.2. Synthesis of Lag.9Yy1Ta(O,N)3

The oxide precursors for Lag9Y1Ta(O,N); were prepared by a sol-gel-related method
with the addition of the appropriate amount of Y(NO3)3-6H,O (99.9%; Alfa Aesar, Kandel,
Germany) according to the 10 mol% fraction, as previously described in [10]. The oxynitride
material was then synthesized from the respective precursor oxide via ex situ thermal
ammonolysis, following the detailed procedure outlined in prior work [10]: at 950 °C
for 10 h, under an NHj gas flow rate of 300 mL/min (>99.98%; Westfalen AG, Miinster,
Germany), followed by repeated ammonolysis cycles with KCl flux addition (weight ratio
1:1) at 1000 °C for 14 h until phase purity was achieved. Further information regarding the
synthesis of the precursor oxides can be found in the study by Bubeck et al. [10].

3.3. Sample Characterization

Neutron diffraction experiments were performed using the D2B high-resolution pow-
der diffractometer of the Institut Laue-Langevin in Grenoble, France, at both 10 K and 300 K,
utilizing a Ge (335) monochromator and a take-off angle of 135°. The refined wavelength
using a Si standard sample was 1.59417(2) A. Samples were measured in 6 mm diameter
vanadium cans at room temperature and at 10 K using a cryofurnace. All the neutron
diffraction patterns obtained were refined by the Rietveld method [27,28], using the Full-
prof.2k software (version 6.30) [29]. For the refinement, a pseudo-Voigt profile function was
used with the Caglioti formula for the full width at half maximum (FWHM) determina-
tion, and the background was calculated using selected points with linear interpolation
between them.

Data collection for pair distribution function analysis was carried out using the
disordered-materials diffractometer D4c at the Institut Laue-Langevin (ILL) in Greno-
ble, France [37], at 10 K and 300 K, covering a Q-range up to 23.6 A~!. Each pattern
summed up different scans for total counting times of ~6 h. Empty cryostat, vanadium rod,
empty cans, and boron powder patterns were also measured in order to properly subtract
the background and normalize the data. The incident neutron wavelength A = 0.4959(3) A
was calculated using a Ni standard.

The local structural evolution was investigated through the PDF analysis, adopting the
G(r) formalism as described by Egami et al. [38]. The G(r) was experimentally determined
via sine Fourier transform of the total scattering function S(Q), utilizing the proprietary
software of D4c beamline [37]; and it indicates the probability of finding a pair of atoms
separated by a distance r with an integrated intensity dependent on the pair multiplicity
and the coherence scattering lengths of the elements involved. The data analysis took
advantage of the large bound coherent scattering lengths of the “light” elements, nitrogen
(be =9.36(2) fm) and oxygen (b, = 5.803(4) fm) [26], for neutron scattering and of the contrast
between their two values. Modelling of PDF data was performed via PDFgui [39].

3.4. Density-Functional Theory Analysis

Density-functional theory analysis was performed using the cluster expansion method.
Monte Carlo simulations based on the CE models were utilized. For each space group, a set
of 300 configurations was generated, featuring O/N atoms randomly distributed within a
40-atom supercell.

The Kohn-Sham DFT, as implemented in the Vienna Ab initio Simulation Pack (VASP)
was employed to ascertain the total energy of each configuration in their fully relaxed
geometry. The interaction between valence and core electrons was addressed using the
projector augmented wave (PAW) [40] method, in which the 5s and 5p states of La and
the 5p states of Ta were used as valence electrons. A plane wave basis energy cutoff of
520 eV was established. The Perdew—-Burke—Ernzerhof-for-solids (PBEsol) [41] density-
functional approximation was applied for a better equilibrium lattice properties description.
The Brillouin zone was densely sampled with 1000 k-points per reciprocal atom. The
energy convergence criterion for self-consistent field iterations was meticulously set at
105 eV. Both unit cell parameters and internal atomic positions underwent optimization
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through the conjugate gradient algorithm until the residual forces reached a threshold
below 10 meV A~

The DFT-calculated energies from the randomly generated configurations were calcu-
lated and then integrated into the CE models through linear fitting, utilizing the automatic
relevance detection regression (ARDR) algorithm implemented within the integrated clus-
ter expansion toolkit (ICET) [32]. The Monte Carlo simulations were conducted using the
MCHAMMER module of ICET. A significantly larger 12 x 12 x 12 supercell was employed
for these simulations, operating in the canonical ensemble. A simulated annealing proce-
dure was adopted, where the temperature was gradually decreased from 2000 K to 0 K at a
rate of 100 K per 100,000 MC cycles.

A 40-atom SQoS [33,34] supercell was constructed by using cluster correlation func-
tions calculated at T = 1750 K, 1500 K, 1250 K, 1000 K, 750 K, and 500 K, serving as a
representative structure of Imma, Pnma, and Pmn2; LaTaONj at finite temperature. Addi-
tionally, the SQS [42,43] supercell was considered to explore the possible configurational
dependence of electronic properties of LaTaON,. The construction of the SQS and SQoS
was accomplished by the ICET.

4. Conclusions

The neutron diffraction analysis conducted on the (La,Y)Ta(O,N)3 materials at 10 K
and RT revealed that the best fit using the Immma random structural model indicated the
absence of long-range O/N order in all of the compositions.

Pair distribution function analysis conducted on LaTa(O,N)3 at 10 K and RT, as well as
on Lap Yy 1Ta(O,N); at 10 K, revealed that starting with the long-range model, the best fit
for r > 11 A corresponded to the Imma average structure disordered model. When various
anionic ordering patterns, including trans- and cis-orderings, were tested, the fits worsened,
corroborating the conclusion drawn from the neutron diffraction analysis.

The summarized model of the anionic ordering suggests that in a longer distance
range (r > 11 A), there is no discernible ordering of the anions; within the range of
15A<r<11A, a Pnma tilting pattern along the b-axis is observed, without any an-
ionic ordering, and at a shorter range of 1.5 A < r < 6 A, both the Pnma (a~b*a™) tilting
pattern and local cis-ordering of the anions are present. This conclusion was the same
for all compositions studied, indicating that O/N content does not significantly influence
anionic ordering, except for a wider ordering coherence observed in LaTaO;N compared to
LaTaON)y. These experimental findings are corroborated by the simulation experiments,
which point as well to the absence of O/N ordering on the long range, in particular at higher
temperatures, while the simulated annealing procedure using a MC approach revealed a
preference for cis-ordering of the O and N on a local scale.

Yttrium substitution appeared to have minimal impact on octahedral tilting and O/N
ordering in the structure. However, it did introduce some degree of disorder, as evidenced
by the lower quality of fits obtained in the structural analysis. This suggested a dampening
effect, especially on the anionic ordering.

The present study demonstrates that both LaTaON, and LaTaO,N show similar behav-
ior, characterized by the presence of local cis-ordering of the anions. Moreover, it suggests
that anionic ordering does not significantly influence the band gap tunability resulting from
Y-substitution. This finding emphasizes the stability of the band gap properties despite
variations in anionic ordering, and might provide valuable insights into the future potential
applications of these materials in optoelectronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics12030090/s1, Figure S1: Refined neutron diffraction patterns
of (a) LaTaONy, (b) LaTaO;N, (c) Lag9Y(1TaONy, and (d) Lag9Y(1TaO;N at 10 K using the Imma
random structural model; Figure S2: (a) ECIs for the cluster expansion energy of DFT energies, and (b)
calculated and fitted DFT energies of the configurations of Imma LaTaONj; Figure S3: Symmetrically
non-equivalent two-body clusters in the cluster expansion of the total energy as a function of O/N
occupation in Pnma LaTaON,; Figure S4: Symmetrically non-equivalent two-body clusters in the
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cluster expansion of the total energy as a function of O/N occupation in Pmn2; LaTaONj; Figure S5:
(a) ECISs for the cluster expansion energy of DFT energies, and (b) calculated and fitted DFT energies
of the configurations of Pnma LaTaONy; Figure S6: (a) ECIs for the cluster expansion energy of
DFT energies, and (b) calculated and fitted DFT energies of the configurations of Pmn2; LaTaONy;
Table S1: Rietveld refinement results of ND patterns at 300 K and 10 K of (a) LaTaONj, (b) LaTaO;N,
(c) Lag9Yp1TaONy, and (d) Lag9Yp1TaO;N; Table S2: Ry, values using distinct anisotropic thermal
parameters in the PDF analysis for Imma LaTaON, at 10 K; Table S3: Experimental and calculated
lattice parameters of Pnma and Pmn2; LaTaONj, as determined by DFT analysis.
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