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Abstract  

In this work we have developed a synthetic approach of new perovskite 

oxynitrides at temperatures between 1200 and 1700 
o
C in N2 or N2/H2 

(95%/5% V/V) atmospheres, controlling the anion content by the starting 

stoichiometric ratios of metal nitrides, oxides and oxynitride reactants. 

New oxynitridosilicates of rare earth and alkaline earth cations have been 

also prepared, as host structures to produce luminescent materials.   

The investigated oxynitrides with perovskite-type structures are formed 

by rare earth cations in the A position and tantalum in the B site. These 

perovskites exhibit different structures according to the differences in 

size of the A and B cations, which are related to the ionic radius of the 

rare earth metal and the oxidation state of the cations that is tuned by the 

stoichiometric ratio of oxygen and nitrogen.  

We report the synthesis of the pseudocubic perovskite LaTaON2 by a 

new synthetic approach using solid state reactions between nitrides, 

oxides and oxynitrides at 1500 
o
C under N2 that produces samples with 

high crystallinity and sintering degree. Neutron diffraction reveals that 

the anion order in this oxynitride is different compared with samples 

prepared by conventional ammonolysis at 950 
o
C.  This compound 

exhibits a band gap of 1.9 eV and a dielectric permittivity of 200. 

We report the synthesis of the perovskite EuTaO2.37N0.63 and the new 

triple perovskite Eu3Ta3O3.66N5.34 at 1200°C using N2 or N2/H2 gas and
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mixtures of EuN, Ta3N5 or TaON and Eu2O3 as reactants. The crystal 

structure of Eu3Ta3O3.66N5.34 exhibits two different A sites that are 

occupied by Eu
3+

 and Eu
2+

 with partial order along the c axis. 

EuTaO2.37N0.63 and Eu3Ta3O3.66N5.34 show ferromagnetism at low 

temperatures with transition temperatures Tc ≈ 3 K and 8 K respectively.  

We report the new layered perovskites with n=1 Ruddlesden-Popper type 

structure R2TaO4-xNx for R = La, Ce, Nd, Eu and x=2.69, 2.81, 2,54, 1.20 

respectively, that were obtained under N2 at temperatures between 

1200°C and 1700°C. They are the first examples of rare earth transition 

metal oxynitrides with n=1 Ruddlesden-Popper structure, and show 

different crystal structures and magnetic properties. Ce2TaO1.19N2.81 

exhibits anionic ordering with nitrogen preferentially located in the 

equatorial sites of the Ta octahedron, while the axial sites are occupied 

by N/O with population 50/50.  Ce2TaO1.19N2.81 and 

Eu2TaO2.80N1.20 display magnetic order at low temperatures, while 

Nd2TaO1.46N2.54 is paramagnetic down to 2 K. 

Finally, the synthesis of the new oxynitridosilicates NdEuSiO3N and 

NdSrSiO3N with -K2SO4 structure is reported. The Nd
3+

and Eu
2+

 

cations in NdEuSiO3N or Nd
3+

 and Sr
2+

 cations in NdSrSiO3N are 

partially ordered in the two available crystallographic sites with 

coordination numbers 10(M1) and 9(M2), with strongly preferred 

occupancy of the larger divalent cations Eu
2+

 and Sr
2 

for the M1 site, 

whereas the M2 site is preferred by Nd
3+

. Upon excitation at 405 nm, 

NdEuSiO3N and NdSrSiO3N:Eu, with band gaps 2.37 eV and 3.72 eV 
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respectively, exhibit orange red luminescence with broad emission bands 

centered between 605 and 639 nm.  
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1.1 Nitride vs Oxide 

Oxygen can form numerous compounds with different elements, and 

oxides have been extensively investigated as ferroelectrics, 

superconductors, catalysts, thermoelectrics, phosphors and battery 

materials among other applications, as bulk, single crystals, powders, and 

thin films.
1
 Some paradigmatic examples are the high Tc superconductor 

YBa2Cu3O7,
2
 piezoelectric PbZrxTi1-xO3 (0 ≤ x ≤ 1),

3
  ferroelectric 

LiNbO3,
4
 colossal magnetoresistive La1-xCaxMnO6,

5
 electrode material 

La0.75Sr0.25Cr0.5Mn0.5O3,
6
  photoluminescent SrMoO4 

7
 or SrWO4,

8
  and 

photocatalyst TiO2.
9
 

Nitrogen and oxygen exhibit similar electronic and crystal chemical 

properties, such as polarizability, electronegativity, preferred 

coordination numbers, and anion radii (Table 1.1). These similarities 

allow for the formation of the same structural types when combined with 

cations and the occupation of the same crystallographic positions. The 

nitride anion (N
3-

) carries a higher charge than oxide (O
2-

), so introducing 

nitrogen into an oxidic compound allows the modulation of the oxidation 

states of the cations because of charge compensation. Nitrogen is more 

polarizable and less electronegative than oxygen, resulting in the 

formation of bonds with metals with a stronger covalent character. Due 

to the higher electronic polarization of nitrogen, the incorporation of 

nitride anion into an oxide increases the nephelauxetic effect, reducing 

the interelectronic repulsion, and the crystal field splitting increases due 

to the higher charge of N
3-

 compared to O
2-

. These differences affect the 

energies of the electronic levels, thereby altering the physical properties. 
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Table 1.1. Properties of nitrogen and oxygen. 
10

 

  nitrogen Oxygen 

Anion charge (z) -3 -2 

Electronegativity 3.0 3.4 

Atomic polarizability (Å3) 1.10 0.80 

Electron affinity A → Az− (kJ mol−1) 1736 601 

Bond energy A–A (kJ mol−1) 941 499 

Ionic radii (Å) (for CN = IV) 1.46 1.38 

Coordination number (CN) II–VIII II–VIII 

 

In addition to nitrogen, other elements can be introduced into oxides, 

such as hydrogen,
11

 fluorine,
12

 chlorine,
13

 bromine,
14

 iodine,
15

 sulphur
16

 

or selenium.
17

. In the last decades, oxynitrides have attracted special 

attention due to their significant applications as pigments, electronic 

materials, phosphors, and photocatalysts.
18

 

Nitrides are less stable than oxides for two main reasons. The bond 

energy of N2 is higher than that of O2 (945 kJ/mol and 498 kJ/mol 

respectively), and  the electron affinity, the energy required for the anion 

formation, is higher for nitride than for oxide (N  N
3-

 and O  O
2-

 are 

1736 and 601 kJ/mol respectively).
19

 As a consequence, nitrides show 

larger free energies of formation than oxides, and have been less 

investigated because their synthetic methodologies are not 

straightforward. The presence of small concentrations of H2O or O2 (at 

the ppm level) around the sample should be avoided as nitrides may 

decompose at high temperatures leading to the formation of more stable 

oxidic phases. Several factors need to be carefully considered in the 

synthesis of nitrides, including the choice of reactants, gas, flow rate, 

reaction time, maximum temperature, and the materials used for the 
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crucible and the reaction tube. In the following section, different methods 

of synthesis of nitrides are discussed. 

 

Figure 1.1. Schematic band structures in semiconducting late transition 

metal oxides and nitrides. Adapted from reference 
18

 with permission 

from the Royal Society of Chemistry. 

In mixed anion compounds, an important factor that can affect the 

physical properties is the anion order. For instance, N/O order can change 

the crystal structure of a oxynitride from centrosymmetric to non-

centrosymmetric, inducing properties such as pyroelectricity, 

ferroelectricity, and piezoelectricity.
20

 The anionic distribution in 

oxynitrides and in other mixed oxyanion compounds such as oxyhalides 

can be predicted using the Pauling’s second crystal rule. This principle 

states that “In a stable coordination structure the electric charge of each 

anion tends to compensate the strength of the electrostatic valence bonds 

reaching to it from the cations at the centres of the polyhedra of which it 
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forms a corner”
 20

, that is, for each anion, the charge q tends to be equal 

to the bond strength sum (b): 

𝑏 = ∑
𝑧𝑖

𝜐𝑖
𝑖

 

Where z is the electric charge of the cations linked to a certain position of 

the anions and  is its coordination number. In oxynitrides formed by two 

cations of different charges, nitrogen would preferentially occupy the 

anion sites with larger b values. 
21, 22

 A correlation plot between the b  

 

 

 

 

 

 

 

 

Figure 1.2. Correlation plot of the experimentally determined charge of the 

anion versus the bond strength sum both corrected for the average charge of 

anions, 𝜁,̅ for oxynitrides and oxyhalides. Reproduced from ref 
21

 with 

permission of the American Chemical Society. 
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values and the electrical charge of each anion as observed experimentally 

from the determined crystal structure is shown in Figure 1.2. 

1.2 Properties of Nitrides and Oxynitrides  

1.2.1  Nitrides  

The first studies of nitrides were conducted in the ‘20s and ‘30s and were 

further systematically investigated by Juza's group. Important review 

articles on nitrides are “Nitrides of metals of the first transition series” 

(1966) by R. Juza,
23

 “Solid-state Chemistry with Nonmetal Nitrides” 

(1993) by Wolfgang Schnick
24

 and “Structural families in nitride 

chemistry” (1998) by Ducan H. Gregory.
25

 

Nitrides can be classified as metallic, ionic, and covalent. However, it is 

not always easy to determine the type of bond, especially in heteroatomic 

compounds when more than one type of bond can be present. Although 

the number of synthesized nitrides is limited compared to oxides, some 

of them show properties with important applications. Binary nitrides of 

Group III BN,
26

 AlN,
27

 GaN,
28

 InN,
29

 and TlN
30

 have been investigated 

for several applications. Hexagonal boron nitride can be used in furnaces 

operating at high temperatures,
26

 as dielectric material, sensor, 

luminescent material,
31

 photon emitter, and catalyst. In addition to these 

properties, it is used in biomedicine
32

 and in the makeup industry as a 

cosmetic.
32

 AlN and GaN show applications as piezoelectric
33

 and 

luminescent materials. GaN and In1-xGaxN, 
34

 have been extensively 

studied as components of light-emitting diodes (LEDs). AlGaN is used as 

an emitter and detector of ultraviolet irradiation and for the fabrication of 
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UV-emitting LEDs at 275 nm with an efficiency of 20.3%.
35

  InN is a 

semiconductor,
29

 and TlN is a thermoelectric material.
36

 

Si3N4 finds numerous applications in the ceramic industry, dental burs, 

and as a steel/ceramic material.
37

 Its notable properties include high 

thermal conductivity
38

 and hardness, corrosion resistance
39

 and tensile 

strength.
40

 P3N5 is a dielectric and optical material and it is used in 

nanoelectronics and protective coatings.
41, 42

 

Ternary and higher nitrides of beryllium, silicon, aluminum, or 

phosphorus are important luminescent materials when excited with UV 

or visible light, emitting at long wavelengths. MBe₂₀N₁₄:Eu²⁺ (M = Sr, 

Ba)
43

 show emission bands centered up to 430 nm. Silicon-based nitrides 

M2Si5N8:Eu²⁺ (M = Ca, Sr, Ba)
44

 and cerium-doped CaSiN2 
45

 emit at 

approximately 605 nm and 630 nm, respectively. Ba[Mg2Al2N4] doped 

with Eu²⁺ emits at 710 nm,
46

 and SrLiAl3N4:Eu²⁺ 
47

 and CaAlSiN₃ 
48

 emit 

at 650 nm. Phosphorus nitrides, such as AEP8N14:Eu²⁺ (AE = Ca, Sr, 

Ba)
49

 and GeP2N4,
50

 also exhibit luminescent properties. 

The binary transition metal nitrides TiN, ZrN, HfN, NbN, and TaN are 

metallic and show superconductivity at low temperatures, and are 

important refractory materials.
51

  Hf3N4 and Zr3N4 find applications as 

hard and as semiconducting materials.
52

  Titanium-containing nitrides are 

used to improve wear resistance and as barrier layers in silicon 

electronics. 
53

 TiN is applied to cutting tool surfaces to increase strength 

and prevent corrosion, and it is also used as a mechanical component. 
54, 

55
CrN shows antiferromagnetism, and Mn4N, Fe4N and Fe2N are 
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ferromagnetic.
23

 Mo5N6 
56

 exhibits superconductivity below 12 K. 

Nitrides have also been studied in capacitors and batteries, and can 

operate at different temperatures.
57

 For instance, VN exhibits a high 

capacitance value of 413 F g-1 when a current density of 1 A g-1 is 

applied.
58

  

Transition metal nitrides are also applied as photocatalysts. For example, 

Mo2N can be supported on activated carbon for photocatalytic 

applications in the hydrodeoxygenation of 2-methoxyphenol.
59

  Many of 

these compounds are employed in the production of hydrogen and 

oxygen through electrochemical reactions or photocatalysis. An example 

is Fe3N/Fe4N, which is used for applications as anode catalyst of the 

oxygen evolution reaction.
60

 Ni3Mn nanosheets
61

 and Ni3N 

nanocrystals
62

 are active in the oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER) processes. Cu3N 
63

 and Co4N are 

active in hydrogen evolution,
64

  Zr3N4 
63

 is active in oxygen evolution, 

and Ta3N5, AgN3, Zn3N2 are active in both hydrogen and oxygen 

evolution.
63

  

Ternary or higher transition metal nitrides show a variety of relevant 

properties. Polar perovskite LaWN3 shows piezoelectric and ferroelectric 

properties, 
65

 and the spinel MnTa2N4 exhibits strong magnetic 

frustration.
66

  TiNiN 
67

 is reported to have applications as a catalyst for 

the hydrogenolysis of aryl ethers. NiMoNx,
68

 Co0.6Mo1.4N2,
69

 and 

Co3Mo3N 
70

 have applications in HER as electrocatalysts. On the other 

hand, Ni3FeN 
70

 nanoparticles supported on Co,N-CNF  and Co3Mo3N 
71
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have applications in OER and oxygen reduction reaction (ORR), while 

Ti0.5Nb0.5N 
72

 is used solely in ORR. 

1.2.2 Metal Oxynitrides 

The synthesis of oxynitrides began around the same time as for nitrides. 

In the 80’s Marchand's group performed a systematic investigation of 

oxynitrides, developing new synthetic approaches, mostly performed 

under gaseous ammonia.
73, 74

 Metal oxynitrides have been reported with a 

variety of crystal structures including  scheelite,
75

 fluorite,
75

 apatite,
76

 

perovskite,
77

 pyrochlore,
78

 and spinel,
79

 and find applications in catalysis, 

electronics,
80

 optics,
81

  and as dielectric materials. 

Lithium phosphorus oxynitride (LiPON) is used as a coating for lithium 

batteries to improve the stability of lithium ions due to its high ionic 

conductivity.
82

 CeO2-xNx is a photocatalyst for the decomposition of 

acetaldehyde under visible light.
83

  TaON 
84

 and TiO2-xNx 
85-87

 show 

photocatalytic activity under visible light for the production of hydrogen 

and oxygen through water splitting. Vanadium oxynitride is used in 

electrocatalysis for nitrogen reduction,
88, 89

 and cobalt oxynitride 

(CoO0.8N0.2) is active in nitrogen reduction and hydrogen evolution 

reactions using this process.
90

   

Perovskite oxynitrides have applications as electronic materials and as 

photocatalysts.
81, 91

 For example, BaTaO2N has a high dielectric 

permittivity,
92

 and EuNbO2N is ferromagnetic at low temperatures and 

shows colossal magnetoresistance.
93

 CaₓLa1-xTaO1+xN2-x is a non-toxic 

pigment with color tuned by the nitrogen content.
94

 Perovskite 
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oxynitrides show small band gaps, making them suitable for applications 

as photocatalysts under visible light. Notable examples are LaTiO2N,
95

 

CaTaO2N, SrTaO2N, BaTaO2N,
96

 and LaTaON2.
97, 98, 99

  

Oxynitridosilicates show important luminescent properties. 

(Mg,Y)5Si3(O,N)13:Ce
3+

, Mn
2+

 
100

 shows whole visible light emission 

from 370 to 750 nm, and Ca4Y3Si7O15N5:Eu
2+101

 is a green light emission 

phosphor that can also be used as a pressure sensor. A3Si2O4N2 (A = Sr, 

Ca)
102, 103

 show emission bands centered up to 600 nm when excited with 

UV-blue light; Ba3Si6O12N2:Eu²⁺,
104

 emits at 527 nm under excitation at 

450 nm, and (Sr, Ca, Ba)Si2O2N2 
105

 shows emission in the range of 492 

to 563 nm after being irradiated with UV-blue light. LaMSiO3N (M = Sr, 

Ba)
106

 can be activated with Ce
3+

 or Eu
2+

 and emits light from 650 to 700 

nm when excited at 405 nm. Silicon aluminum oxynitrides (SiAlON) 

possess important properties including high chemical and thermal 

stability, transparency to visible light, small band gaps, and greater 

hardness than fused silica glass.
107

 Ce
3+

-doped Y3Al4.75Si0.25O11.75N0.25 

and Al9O3N7:Eu
2+

 
108

 have applications as a luminescent materials.
109

  

Synthetic approaches of metal oxynitrides  

Ammonolysis of oxides  

The reaction between oxides or of mixtures of oxides and salts under 

gaseous NH3 at high temperature is one of the most commonly used 

methods for the synthesis of oxynitrides. Ammonia is a Lewis base and a 

weak Liebig acid, so it can reduce or oxidize metals.
110

At temperatures 

higher than 500 °C, it dissociates into N2 and H2 (Figure 1.3(a))
18
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therefore it is important to control the gas flow and temperature, as the 

percentages of NH3, N2, and H2 in the reaction depend on these  

 

Figure 1.3 (a) Equilibrium constant of dissociation of NH3 as a function of 

temperature using the equation log Kp = 2095/T − 2.7884 log T + 0.0003986T + 

2.6253 where Kp is the equilibrium constant of the formation of NH3, and (b) % 

of decomposition of NH3 as a function of flow rate at different temperatures. 

Adapted  from  reference
18

 with permission from the Royal Society of 

Chemistry 



 

 

Introduction 

12 

 

parameters. Hydrogen can reduce the transition metals leading to a 

decomposition of the oxynitride and giving rise to unwanted impurities. 

A high flow of NH3 should be used at high temperatures to prevent and 

minimize its dissociation.  Ammonolysis reactions are typically carried 

out at temperatures between 400 °C and 1100 °C, with reaction times 

varying from hours to days and flow rates from 50 to 1000 cm³/min. The 

obtained oxidation states of the cations depend on temperature, ammonia 

flow rate, and reaction times, which determine the O/N ratio in the 

oxynitride. 

Nb0.82N0.81O0.19 
111

 was one of the first examples of oxynitrides prepared 

by this method in 1960. Later, Marchand's group reported the synthesis 

of several compounds. In 1983, NaPO2N0.67 and KPO3−3xN2x 
112

 were 

prepared using an ammonia flow rate of 10 l/h at 700-750 °C. In 1988, 

LnWOxN3-x (Ln = La and Nd)
113, 114

  were prepared using their respective 

precursor oxide, Ln2W2O9, at temperatures ranging from 700 to 900 °C. 

In 1989, the same group reported the synthesis of LaVO3-xNx.
115

 TaON 

with baddeleyite structure can be prepared from Ta2O5 in NH3 flow at 

800 
o
C,

116
 whereas γ-TaON with VO2-type structure is formed from 

using a shorter treatment time at lower temperatures. 
117

 
,
 

18
 Nitrogen 

doping of CeO2 was performed using a flow rate of 270 cm³/min for 17 

hours at temperatures between 550 and 900 °C. The amount of nitrogen 

increases rapidly from x = 0.015 to x = 0.09 with increasing temperature 

from 600 to 690 °C, but it decreases to 0.02 at temperatures above 740 

°C because of the competing reaction of reduction of Ce
4+

 to Ce
3+

.
83

 

Nitrogen introduction into TiO2 films was performed by treatment under 

ammonia for 4 hours at different temperatures. Up to 600 °C, the anatase 
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structure is stable with partial substitution of oxygen by nitrogen and at 

700 °C,   cubic NaCl-type TiOxN1-x is observed. At 900 °C, the 

percentage of nitrogen decreases, and the rutile crystalline phase is 

formed.
118

 Zr2ON2 was prepared by ammonolysis using ZrO2 as a 

precursor, with an NH3 flow rate of 670 cm³/min, a temperature of 1000 

°C, and a reaction time of 24 hours.
119

 

Ammonolysis reactions have been extensively used to prepare perovskite 

oxynitrides ABO3-xNx , where A is an alkaline earth or lanthanide and B 

= Mg, Ti, Zr, V, Nb, Ta, Cr, Mo, W, or Fe.
120

 Perovskite thin films of 

oxynitrides consisting of niobium and tantalum (ATaO2N, A = Eu, Sr, 

Ba, Ca; SrNbO2N; LaNbON2; and LaTaON2) have been synthesized 

from the oxide precursor.
121

 The transformation of scheelites (ABO4) into 

perovskites (AB(O,N)3) in ammonia has been studied using calorimetric 

techniques, showing that in some cases other oxynitride compounds are 

obtained instead of the perovskites.
122

  

Solid state reactions under N2 

N2 is less reactive than NH3, hence in this synthetic approach the nitrogen 

content in the oxynitride is controlled by the anion stoichiometry in the 

mixture of reactants. Because of the lower reactivity of N2, the synthesis 

temperatures are higher than in the ammonolysis reactions, typically in 

the range between 900 and 1750 °C, usually starting with nitrides in 

combination with oxides or salts.  
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Si2N2O was one of the first compounds prepared by this method in 1964 

at 1450 °C.
123

  In 1983, Li-Al-Si-O-N
124

 and Ca-Al-Si-O-N 
125

 glasses 

were prepared under N2 at temperatures between 1450-1465 °C and 

1530-1750 °C, respectively. Later, Schnick and collaborators prepared a 

large diversity of silicon-based nitride compounds as hosts to produce 

luminescent materials, starting with different reactants. Ce16Si15O6N32
126

 

was obtained with a yield of 20% using Ce, SiO2, and Si(NH)2 as 

precursors at 1540 °C. Sm₂Si₃O₃N₄ and silicon aluminates such as 

Ln2Si2.5Al0.5O3.5N3.5(Ln = Ce, Pr, Nd, Sm, Gd),
127

 were synthesized using 

Si(NH)2, AlN, SrCO3, and the corresponding lanthanide metals as 

reactants. SrCO3 decomposed at high temperatures into SrO and CO2, 

proving to be a suitable oxygen source for the syntheses performed. 

These syntheses were conducted at temperatures between 1550 and 1650 

°C. SrSiAl2O3N2 was prepared using silicon diimide, aluminum nitride, 

and strontium carbonate as precursors, at 1550 °C for 3 hours.
128

 

SrErSiAl3O3N4 
129

 was synthesized treating SrCO3, Si(NH)2, AlN, and 

metallic erbium powder at 1670 °C for 3 hours, with a yield of 20%. 

Nd3Si5AlON10 
130

 was prepared starting with silicon diimide, aluminum 

nitride, aluminum oxide, and neodymium aluminum oxide at 1650 °C for 

60 minutes, achieving a yield of 65%. Sr10Sm6Si30Al6O7N54 
131 was 

prepared using SrCO3, Si(NH)2, AlN, Sr, and Sm which were treated at 

1600 °C for 30 minutes, with a reaction yield of 20%. The boron 

compound Sr3(B3O3N3)
132

 was prepared using B(NH)x(NH2)y and 

strontium carbonate as precursors at 1450 °C for 1 hour. The yield of this 

synthesis was low, and the formation of single crystals was observed. 
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LaMSiO3N (M = Ba, Sr, Eu) with a β-K2SO4 structure were prepared at 

temperatures between 1350 and 1500 °C. 
106

 Sr2−xLaxSiO4−xNx (0 ≥ x ≥ 1) 

was prepared starting from La2O3, SiO2 and Si3N4 at 1500 °C under 

N2/H2.
133

 Eu
2+

 doped YSiO2N was prepared by solid-state reaction from a 

mixture of Y2O3, SiO2, Si3N4 and Eu2O3 at 1600 °C with treatment time 

of  24 hours,
134

 and SrSi2N2O2:Eu
2+

 compounds were prepared from 

SrCO3, SiO2, and Si3N4 in a flow of N2 at 1450 °C for 2 hours.
135

 

Reactions under N₂ have also been used to prepare perovskite oxynitrides 

For example, SrTaO2N, BaTaON2, Ba₂TaO3N, Sr₂TaO3N and 

Ruddlesden-Popper oxyntrides Sr2TaO3N and Ba2TaO3N were prepared 

by treating SrO or BaO and TaON at temperatures between 1200 and 

1600 °C.
94

 SrTaON2 was also prepared starting with SrCO3, amorphous 

Ta2O5, and urea that were  treated at 900 °C during 2 hours. Using the 

same conditions, it was not possible to synthesize SrTaON2 starting with 

crystalline Ta2O5.
136

 BaTaO2N was prepared at 1200 °C, starting with 

BaCO3 and TaN.
137

 RHfO2N (R = La, Nd, and Sm) were prepared at 

1500 °C from a mixture of  R2O3 (R = La, Nd, and Sm) and Hf2ON2, 

whereas LaZrO2N was prepared starting with La2O3, ZrO2 and ZrN.
138

  

Topochemical reactions and low temperature methods 

This method has been used to obtain oxynitrides from their respective 

isostructural oxides at low to moderate temperatures, in most cases where 

other synthetic approaches were not successful. Oxygen is partially 

substituted by nitrogen without perturbing the cationic network, and as 

the two anions show different charges, the cations oxidize in order to 
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compensate the increase of charge induced by nitriding. The reactions are 

performed usually under NH3 at temperatures in the range of 400 to 900 

°C. Alternative nitriding agents such as urea can also be used under N2 

flow. 

The perovskite SrVO2.2N0.6 was prepared starting with SrVO3 under NH3 

at 600 °C,
139

  and the pyrochlore Eu2Mo2O5N2 was synthesized using the 

same gas, starting with Eu2Mo2O7.
140

 Topochemical reactions are also 

used to obtain double perovskite oxynitrides A2B’B’’O6-xNx with a high 

ordering of the B cations starting with the double perovskite oxides. For 

example, Sr2FeMoO5N was prepared from Sr₂FeMoO6 under NH3 at 575 

o
C using a flow rate of 1000 cm

3
/min

141
 Sr2FeWO5N was prepared 

starting with Sr2FeWO6 under the same ammonia flow rate at 660 
o
C. 

142
  

The Ruddlesden-Popper compound K2LaTa2O6N was prepared from 

CsLaTa₂O₇. This process involved two stages: first, the ionic exchange of 

Cs⁺ for K⁺, and second, the substitution of O²⁻ for N
3-

  and the insertion 

of the second K⁺ ion.
143

 The compound K2Ca2Ta3O9N
.
2H2O was 

prepared from a stoichiometric mixture of KCa2Ta3O10 and K2CO3 with 

an NH3 flow rate of 100 cm
3
/min, at a temperature of 1173 K for 3 

hours.
144

 

In some cases, it is not possible to use topochemical synthesis to obtain 

oxynitrides from the corresponding oxide. Instead, an oxyhydride 

precursor must be prepared as a previous step. Examples of success of 

this method include BaTiO3-xN2x/3, which was prepared from hydride 

substitution by nitride in BaTiO2.40H0.60.
145 

Another example is EuTiO2N 
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that cannot be prepared by ammonolysis of EuTiO3, but it is formed from 

EuTiO2.82H0.18 under a flow rate of 300 cm
3
/min at 400 °C. 

146
 

Topochemical syntheses can be performed using urea as nitrogen source, 

under nitrogen flow. An example of such a synthesis is Ti2.85O4N, which 

was prepared from Cs0.68Ti1.83O4 at temperatures between 500 and 800 

°C.
147

 K1.35LaTa2O6.65N0.35 and K1.4Ca2Ta3O9.6N0.4 were prepared by 

reaction of KLaTa2O7 or KCa2Ta3O10, K2CO3 and urea at temperatures 

ranging from 450 to 550 °C.
148, 149

  

Ammonothermal and high-pressure synthesis 

Gases under supercritical conditions exhibit properties of both liquids 

and gases simultaneously, such as high solubility, low surface tension, 

low viscosity, and high diffusivity. In ammonothermal synthesis an 

autoclave is used where the temperature and pressure of NH3 are 

increased simultaneously. Synthesis of oxynitrides by this method have 

been reported at temperatures in the range of 350 to 1950 °C and 

pressures from 0.8 to 6000 MPa. Recently, single crystals of 

Eu
II
Eu

III
2Ta2N4O3 were synthesized using this method.

150
 ATaN2 nitrides 

(A = Na, K, Rb, and Cs) were obtained at different temperatures (from 

623 to 1073 K), heating rates from 0.1 to 2.5 K/min, and reaction times 

from 20 to 96 hours, at a maximum pressure of 170 MPa.
151

 Perovskites 

SrNbO2N, BaNbO2N, SrTaO2N and BaTaO2N were also prepared by 

amonothermal synthesis, using Sr and Ba, Ta, Nb, NaN3, and NaOH as 

precursors. The maximum temperature and pressure used in these 
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syntheses were 900 K and 300 MPa, respectively, and the reaction time 

was 80 hours.
151

 

High pressure synthesis has allowed to obtain oxynitrides such as 

perovskites, nitridosilicates and nitridophosphates. RZrO2N perovskites 

(R = Pr, Nd, and Sm) were prepared by direct solid-state reaction starting 

with Zr2ON2 and the respective lanthanide oxides R2O3 at high 

temperatures and pressures of 1200-1500 °C and 2-3 GPa.
152

 Polar 

MnTaON2 with LiNbO3 type structure was prepared by mixing TaON 

and MnO at 1400 °C and 6 GPa.
153

The oxynitridophosphate Ba2PO3N 

was synthesized at 1070 K and 120 MPa. 
154

 Ca1+xY1-xSiN3-xOx (x > 0), 

isostructural to Ca2PN3 and Eu2SiN3, was prepared by mixing CaH2, YSi 

and NaN3 at 1070 K at 140 MPa.
155

 Different samples with the 

stoichiometry Al9O3N7, both undoped and doped with 0.005 mol Eu
2+

 

were synthesized from AlN, Al2O3 and EuF3 at temperatures between 

1750 °C and 1950 °C and a nitrogen pressure of 0.8 MPa.
108

 

1.3 Objectives 

The main objective of this thesis is the exploration of synthetic 

methodologies of new metal oxynitrides with electronic properties 

(electrical, magnetic, optical).  A high temperature synthetic approach 

under N2 gas has been developed for the preparation of new perovskite-

related oxynitride phases of rare earth and transition metal cations, using 

solid state reactions between metal oxides and nitrides at high 

temperatures (between 1200 and 1700 
o
C), and a similar method has been 

used to prepare new luminescent rare earth oxynitridosilicates.  
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The thesis is structured in three chapters describing the experimental 

results, discussion and conclusions of four publications, and three 

additional chapters on the experimental methods (chapter 2), discussion 

(Chapter 6) and conclusions (chapter 7). Chapter 3 is devoted to the 

synthesis and characterization of pseudocubic perovskite oxynitrides of 

tantalum and rare earth cations. By using the new high temperature 

synthesis route, we have obtained the compound LaTaON2 that was 

previously prepared under NH3 at lower temperatures. We have 

investigated the influence of the synthetic approach in the anion order 

and its dielectric properties. Results have been published in Inorganic 

Chemistry 2021, 60, 16484−16491 shown in section 3.1.  We also report 

the high temperature synthesis of the europium compounds 

EuTaO2.37N0.63 and Eu3Ta3O3.66N5.34. The last compound is the first 

example of a triple perovskite oxynitride and both oxynitrides show 

ferromagnetism at low temperatures. These results have been published 

in Inorganic Chemistry 2023, 62, 17362−17370 shown in section 3.2. In 

chapter 4 we present the synthesis and characterization of the new family 

of compounds R2TaO4-xNx with R= La, Ce, Nd, Eu and 1.20 ≤x≤ 2.81 

that are the first examples of n = 1 rare earth tantalum Ruddlesden-

Popper oxynitrides.  These results have been published in Chemistry of 

Materials 2024, 36, 5160−5171. Finally, in chapter 5 we report the 

results on the synthesis and characterization of the oxynitridosilicates 

NdSrSiO3N:Eu and NdEuSiO3N that show luminescence properties, 

published in Journal of Solid State Chemistry 316 (2022) 123571. 
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The following sections describe the fundaments and state of the art of the 

two groups of compounds discussed in the thesis: perovskite oxynitrides 

with several applications and luminescent oxynitridosilicates.  

1.4 Transition metal perovskite oxynitrides   

The mineral perovskite CaTiO3 was discovered in 1839 by Gustav Rose, 

a German chemist and mineralogist, in the Ural Mountains of Russia, and 

was named in honour of Alexeievitch Perovsky, a Russian mineralogist. 

The aristotype with ideal composition ABX3 shows the cubic space 

group Pm-3m. The A and X ions form a cubic structure with close 

packing, with the B ion occupying the octahedral voids. The A cation is 

coordinated to 12 anions and is surrounded by eight BX6 octahedra, and 

the anions are surrounded by four A cations and two B cations. Many 

perovskites are described as ionic, but they actually exhibit a mixture of 

ionic and covalent bonding.  

 

 

 

 

 

Figure 1.4. The cubic ABX3 perovskite structure. 

A B X 
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In 1926, Goldschmidt introduced the structural tolerance factor (t)
156

 to predict 

the stability of perovskite structures. The crystal structure of a perovskite 

depends on this factor, which relates the A-X and B-X distances using the 

equation: 

𝑡 =
𝑟𝐴 + 𝑟𝑋

[ √2(𝑟𝐵 + 𝑟𝑋)]
 

Where 𝑟𝐴, 𝑟𝐵  are the ionic radii of A and B cations and  𝑟𝑋 is the ionic 

radius of the anion. The volumes of AX12 and BX6 polyhedra can change, 

and substitutions or vacancies can cause reordering of the atoms, 

allowing a wide range of elements from the periodic table to form the 

structure.
157

 When the tolerance factor (t) is in the range of 0.89 to 1.0, 

the compound typically forms a cubic structure. Values below this range 

can result in symmetry lowering and distorted structures due to the 

octahedral tilting. Perovskites are among the most extensively studied 

materials worldwide. They show numerous physical properties including 

metallic conductivity, superconductivity, ferroelectricity, 

ferromagnetism, colossal magnetoresistance, piezoelectricity, and 

photoluminescence.  Some important examples of electronic materials 

include superconducting Ba1-xKxBiO3
 158

 and (YBa2Cu3O7),
159

 colossal 

magnetoresistant La1-xMxMnO3 (M= Ca, Sr), 
160

 piezoelectric PbZr1-

xTixO3, ionic conductors La0.67-xLi3xTiO and BaCeO3-x
161

, ferromagnetic 

SrRuO3 and ferroelectric BaTiO3.
161

  

There are few examples of nitrides with a perovskite structure. The first 

reported compound is ThTaN3,
162

 and more recently, LaReN3,
163

 and 

LaWN3 
65

 have been prepared either as powder or as thin films.  
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Perovskite oxynitrides with the formula ABO3-xNx (A = alkaline earth or 

rare earth metal; B = transition metal) were first reported by Roger 

Marchand and coworkers.
120, 164

 These materials have been more 

intensively investigated after 2000, when results on the non-toxic 

pigments Ca1-xLaxSrTaO2-xN1+x were published in Nature by Jansen and 

Letscher.
165 

 These materials exhibit significant properties as dielectrics, 

magnetic materials, and photocatalysts in various reactions.  

Some examples of relevant materials are SrTaO2N, 
92

 BaTaO2N, 
92

 and 

LaTiO2Nx 
166, 167

 that show dielectric permittivities of 4900, 2900, and 

1000, respectively, at room temperature. SrTaO2N, in the form of an 

epitaxial thin film under compressive stress, is reported to show 

ferroelectricity.
168

 

The perovskites LaVO3-xNx 
169

 and LnWO3-xNx (Ln = La, Nd) 
114

 are 

semiconducting. Some examples of oxynitride perovskites with magnetic 

properties include EuTaO2N, EuNbO2N, and EuWO1+xN2-x
170

, which 

exhibit ferromagnetic properties due to the coupling of Eu
2+

 ions
 171

, and 

magnetoresistance at low temperatures. NdVO2N
120

 is paramagnetic, 

while LnCrO3-xNx show antiferromagnetic order of Cr³⁺ spins.
172

  The 

double perovskites Sr2FeMoO4.9N1.1 
141

 and Sr2FeWO5N 
142

 show 

ferromagnetic and antiferromagnetic order respectively at low 

temperatures.  

These materials are also characterized by small band gap values 

compared to oxides due to the presence of nitrogen, which is less 

electronegative than oxygen. For example, the perovskites 
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La(Mg,Ta)(O,N)3 and Ba(Sc,Ta)(O,N)3, exhibit band gaps of 1.8 and 1.9 

eV, respectively.
173

  PrHfO2N 
120

 and CeNbO1.49N1.51
174

 have band gaps 

of 3.40 and 1.79 eV, respectively. The lanthanide tantalum perovskites 

LnTaON2 with Ln = La, Ce, Pr, Nd, Sm, Gd, 
175

  show band gaps of 1.8, 

1.7, 1.9, 2.0, 2.0, and 1.8 eV, respectively.  

Due to their low band gap values the following perovskite oxynitrides 

have been used as photocatalysts in several reactions: LaTiO2N, 

LaZrO2N LaNbON2 LaTaON2, CaNbO2N, SrNbO2N, BaNbO2N, 

CaTaO2N, SrTaO2N and BaTaO2N. 
176

 LaTiO2N and NdTiO2N exhibit 

comparable activity in water oxidation in the presence of a sacrificial 

agent. However, PrTiO2N and CeTiO2N display reduced activity, which 

may be attributed to the recombination of photoinduced electron-hole 

pairs.
120

 Additionally LaZrO2N, SmHfO2N 
138

 and SrWO2N 
177

 show 

activity in this process under visible light. LaHfO2N exhibits 

photocatalytic activity water splitting.
138

 

Perovskite related layered Ruddlesden-Popper compounds
178

 with the 

general formula An+1BnO3n+1   were first discovered in 1950 decade with 

the synthesis of Sr2TiO4 and Sr3Ti2O7.
179, 180

 The parameter "n" indicates 

the number of octahedral layers in the perovskite block which can have 

values of between 1 and ∞.
179, 180

 The perovskite  blocks are separated 

along the c direction by AO layers with rock salt-like structure.  
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Figure 1.5. Crystal structures of Ruddlesden-Popper phases with n= 1 and 2. 

The synthesis of the following Ruddlesden-Popper perovskite oxynitrides 

has been achieved: n=1 Sr2TaO3N, Ba2TaO3N, 
181

 Ln2AlO3N (Ln = Nd , 

Sm) 
182

and Sr2NbO3N, and n=2 Sr3Nb2O5N2 and Eu3Ta2N₄O3.
183

  

 Luminescent (Oxy)nitridosilicates 

Approximately one fifth of the world's electricity consumption is 

attributed to lighting, making it crucial to develop alternatives to 

traditional incandescent and fluorescent lighting systems.
184

 As part of 

the energy transition, solid-state lighting is expected to play a key role, 

with the scientific community aiming to achieve 50% energy savings by 

2025.
184

 In recent years, there have been significant advances in solid-

state lighting, especially in applications such as light-emitting diodes 

(LEDs) and laser diodes (LDs). 

ABO3 n = 1
n = 2
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Current research is focused on the development of thermally stable 

phosphors, which offer several advantages, including compact size, 

durability, and high luminous efficiency.
185

  Solid phosphors doped with 

rare earths result in materials with excellent durability, thermal and 

chemical stability, and luminescence.
186, 187

 Silicon-based materials offer 

several advantages, including easily tuneable colours and higher 

luminescence efficiency compared to other materials.
188

 Si3N4, known for 

its thermal resistance, hardness, and elasticity, 
188

 forms the basis of 

oxynitridosilicates, similar to oxosilicates, which comprise a tetrahedral 

Si(O, N) lattice.
189

  Some nitrides, formed from tetrahedral silicon nitride 

(SiN4) or combinations of silicon and aluminium (Al, Si)N4, emit visible 

light when excited with blue or near-ultraviolet LED light.
190

 

In recent years, luminescent rare-earth-doped (oxy)nitrides have been 

reported, offering advantages such as broad emission bands, high 

efficiency and good thermal stability. Some phosphors can be excited 

with blue light, emitting yellow illumination, and can produce white light 

when irradiated with blue chips.
191

 Examples of these compounds are 

SrSi2O2N2:Eu
2+

 and Sr2Si5N8:Eu
2+

, which emit green and red colors, 

respectively.
192

 Ba2Si5N8:Eu
2+

,
193

 and CaSi2O2N2:Eu
2+

,
194

 when excited 

with radiation in the 445-480 nm range, emit light in the 555-605 nm 

range.
191

 The emission of the compound Sr0.98Eu0.02Si2O(5-1.5x)Nx (where 

x ranges from 1.33 to 2.66)  has also been reported when exposed to 

visible light,
189

 making it an excellent green phosphor.
189

 These materials 

can also be doped with two or more lanthanides. For example, CaSi2O2N2 

improves its photoluminescent properties when doped with Eu
2+

/Ce
3+

.
195

  

Other nitridosilicates have been doped with cerium as La3Si6N11:Ce
3+

,
196
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or CaMg3SiN4:Ce
3+ 197

 that under excitation in the 445-480 nm range, 

emit light in the 555-605 nm range.
191

   Y6Si3O9N4:Ce
3+

 produces green 

emissions with bands centered  at 550 nm.
198

  Other lanthanides are used 

to optimize the emission, such as Ca2-xSi3O2N4:x Yb
2+ 

or Dy
3+

.
199

 When 

this material is doped only with Yb
2+

, it exhibits green emission at 545 

nm, whereas if doped with Dy
3+

, it emits blue and yellow colors with 

bands at 485 nm and 585 nm, respectively.
199

  

Other researchers have explored modifications of the Si3N4 structure by 

substituting Si for Al and N for O to produce new hosts to dope with 

Eu
2+

.
198, 199

 Examples of luminescent materials include α-SiAlON:Eu
2+

, 

200
 which emits green color, 

201
 and β-SiAlON:Eu

2+
.
202

 M-α-SiAlON:Eu
2+

 

(M = Ca, Sr) 
192, 203, 204

 or BaAlSi4O3N5:Eu
2+

,
205

  CaAlSiN3:Eu
2+ 

,
48

 

Ca0.99Eu0.01AlSi4N7 emit white light with two main signals at 498 and 

614 nm when excited at 400 nm.
190

 The oxynitride 

(Sr0.98Eu0.02)(Al0.05Si0.95)6N8 emits at 448 nm when irradiated at 400 nm at 

room temperature, but the emission intensity decreases to 54% at 200°C. 

Ba1-xAl2Si3O4N4 doped with Yb
2+

 exhibits yellow emission at a 

wavelength of 518 nm when excited at 254 nm.
206

 Despite efforts in the 

previous years to improve the luminescent properties of silicates during 

synthesis, certain drawbacks hamper their use. For example, Eu
2+ 

doped 

MSi2O2N2 materials (M = Sr, Ba, Ca) lack homogeneity, which leads to a 

decrease in luminescence. Several synthesis methods have been tried to 

solve this problem, but the cost-benefit ratio remains unfavourable, and 

the product yield is low.
207
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2.1 Synthesis of metal (oxy)nitrides 

2.1.1 Thermal Ammonolysis  

This method was used to prepare the reactants TaON and Ta3N5 used in 

high temperature synthesis under N2 of some oxynitrides described in 

chapters 3 and 4. As indicated in the previous chapter, NH3 decomposes 

into N2 and H2 above 500 
o
C and the percentage of its decomposition 

increases with rising temperature, as shown in figure 2.1 for a flow rate 

of 125 cm
3
/min. 

 

Figure 2.1. % of decomposition of ammonia as a function of temperature for a 

flow rate of 125 cm
3
/min. Reproduced from Reference 

1
 with permission from 

Elsevier. 

The kinetics of the dissociation is slow and its extent can be controlled by 

the flow rate (see figure 1.3.b). For high temperatures it is necessary to 
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use high flow rates in order to minimize the presence of H2 in the system. 

Typical flow rates are between 180 and 1000 cm
3
/min.

1
 

The reactions were carried out in alumina boats in the sandwich type 

tubular furnace depicted in Figure 2.2 using a silica glass tube. Ammonia 

is toxic and flammable when is in contact with air. For example, if the air 

concentration is in the range of 16 to 27%, the autoignition temperature is 

651°C. For this reason the system is purged with N2 previously to 

introduce the ammonia in the reaction tube.The entire reaction system is 

located inside a fume hood, and accidental leaking is controlled by a 

sensor that stops the gas flow for NH3 concentrations in the laboratory 

above 3 ppm. Once the gas has passed through the system and interacted 

with the sample, it is neutralized with an acetic acid trap (0.1 M). 

 

Figure 2.2. Ammonolysis furnace at the solid state chemistry laboratory of 

ICMAB. 
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The ammonolysis reactions were carried out at 850 
o
C starting from 

Ta2O5, using NH3 flow rates of 600 cm³/min and 40 cm³/min for the 

synthesis of Ta3N5 and TaON, respectively. Ta3N5 was prepared using 

two 15-hour treatments, while TaON required only one 2-hour treatment. 

2.1.2 High temperature solid state synthesis  

This method is used for the preparation of all the oxynitrides reported in 

the present work, and proceeds under N2 or N2/H2 gas at temperatures 

between 1200 and 1700 
o
C starting with mixtures of oxides and 

(oxy)nitrides. Two different tubular furnaces were used, with SiC 

resistances for reactions up to 1500 
o
C (Figure 2.4) and Si2Mo resistances 

for temperatures up to 1700 
o
C. The gases used are N2 (99.999% Air 

Liquide) and N2/H2 (95%/5%, V/V, Air Liquide 99.999%) with traces of 

water and oxygen below 0.5 ppm and 0.1 ppm, respectively. To avoid the 

presence of water around the sample, mixing and pelletizing of the 

reactants was conducted in a glovebox under recirculating argon. The 

rare earth oxide reactants were dried at 1000°C for 12 hours for 

dehydration. The reactants were weighed and mixed for a minimum of 30 

minutes and pelletized under a pressure of 10 or 2 bars for 10 minutes. 

The pellet was then placed inside a molybdenum crucible covered with 

zirconium, which was moved into the furnace using a Schlenk flask. 

Sacrificial zirconium foil was positioned close to the sample inside the 

reaction tube in order to scavenge water and oxygen impurities from the 

gas (see Figure 2.3).  
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Figure 2.3. Molybdenum boat and sacrificial zirconium (right panel) used in the 

syntheses at high temperature. 

 

Figure 2.4. CSi high temperature tubular furnace of the solid state chemistry 

laboratory at ICMAB.. 

Three purges with the gas used in the reaction were performed at a 

vacuum of 0.4 mbar to remove oxygen from the tube. These precautions 

are essential to prevent the formation of unwanted oxides due to oxygen 

presence during various stages of the process. The sample was heated at 



 

 

Methods 

51 

 

300°C/h up to the maximum temperature that was held typically 3 hours 

and after that the furnace was cooled naturally to room temperature.  

2.2 Determination of the cationic and anionic stoichiometry 

2.2.1 Combustion analysis  

This technique was employed to determine the nitrogen content of the 

sample. The analysis was conducted using a Thermo Fisher Scientific 

instrument through combustion. Approximately 1000 μg of the sample 

was burned in an oxygen atmosphere at 1060°C. MgO, WO3, and Sn in 

powder form were used as additives, and atropine served as the reference 

standard. The nitrogen produced in this reaction was transported by a 

helium flow to the thermal conductivity detector for detection. 

2.2.2 Thermal analysis  

The thermal analysis of the samples was conducted using a NETZSCH 

STA 449 F1 Jupiter instrument to check the thermal stability and 

oxidation behavior of some oxynitrides.. For these measurements, 10 mg 

of samples were placed in an alumina crucible and heated to a 

temperature of 1400°C under flowing oxygen. The heating rate was 

5°C/min
-1

 and the O2 flow rate was 70 cm³/min
-1

.  

2.2.3 Energy dispersive X-ray spectroscopy  

Energy dispersive spectroscopy (EDS) analyses of cation contents were 

conducted in a FEI Quanta 200 FEG scanning electron microscope 

equipped with an EDAX detector with an energy resolution of 132 eV. 
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2.3 Structural characterization  

2.3.1 Laboratory X-ray powder diffraction  

Powder X-ray diffraction was generally conducted in an A25 D8 

Discover diffractometer and a Panalytical X’Pert Pro MPD 

diffractometer using Cukα radiation with = 1.5418 Å. For air unstable 

samples the X-ray powder diffraction data were acquired on borosilicate 

capillaries of 0.3 mm diameter as sample holders, which were filled in a 

glovebox under recirculating argon, using a Bruker D8 Advance A25 

diffractometer in a Debye-Scherrer configuration equipped with a 

Johansson monochromatorand Mo Kα1 radiation source (λ= 0.7093 Å). 

2.3.2 Synchrotron X-ray powder diffraction 

High-resolution synchrotron X-ray powder diffraction data were obtained 

using a 0.3 mm diameter capillary, which was rotated during data 

collection in the angular range of 3.0° ≤ 2θ ≤ 50.0° at the MSPD 

(Materials Science And Powder Diffraction) beamline 
2
 of the ALBA 

Synchrotron in Cerdanyola del Vallès, Spain. A double Si (111) crystal 

monochromator was employed, and a short wavelength was selected and 

calibrated with Si NIST. Rietveld analysis was performed using the 

Fullprof program.
3
  

2.3.3 Neutron powder diffraction 

Neutron powder diffraction measurements were conducted at the Institut 

Laue-Langevin (ILL) in Grenoble, France, using the D20 diffractometer. 
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The high contrast against neutrons between oxygen and nitrogen allow to 

investigate the anion order and tilting superstructures. 

2.3.4 Electron diffraction 

Electron diffraction micrographs were obtained using a JEOL 1210 

transmission electron microscope operating at 120 kV, equipped with a 

side-entry 60°/30° double tilt GATAN 646 specimen holder. The samples 

were deposited on a carbon film supported on a copper grid. The 

reconstruction of the reciprocal lattice was performed from different 

diffraction planes in order to determine the space group. Figure 2.5 

depicts the projection of crystallographic planes from 3D to 2D, where 

each observed spot in the micrograph corresponds to a diffraction plane.  

Figure 2.5. Schematic representation of the rotation method used to reconstruct 

the reciprocal lattice by electron diffraction. c* is the common axis for all 

patterns. 
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2.4 Optical characterization  

2.4.1 Diffuse reflectance 

Diffuse reflectance spectra were recorded at room temperature using a 

JASCO V-770 UV-visible/NIR spectrophotometer, with an operational 

range of λ=200-1200 nm. A Diffuse Reflectance Sphere DRA-2500 

accessory was utilized. 

The band gap values for the analyzed samples were calculated using the 

Kubelka-Munk function, F(R∞),
4, 5

 which relates the material's diffuse 

reflectance (R) to the absorption (k) and scattering (σ) coefficients: 

 

F(R∞) = 
(1−𝑅∞)2

2𝑅∞
 ∝ 

𝑘

𝜎
  

6, 7
 

 

By plotting the function (F(R)*hv)
2
 versus UV-Vis radiation energy, 

extrapolation of the linear portion to an absorbance equal to zero 

provides an estimate of the band gap energy value.  

2.4.2 Photoluminescence measurements  

Luminescent emission measurements of the samples NdSr1-xEuxSiO3N (x 

= 0, 0.5 and 1), were conducted at room temperature using a 405 nm laser 

for sample excitation. Data were collected on a LabRam HR800 

spectrometer equipped with a charge-coupled device (CCD) detector. 

Photoluminescence (PL) spectra were corrected for the spectral response 

of the spectrometer by normalizing each spectrum using the detector and 
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grating characteristics. The intensity of the incident irradiations was 1 

W/cm². 

2.5 Electrical and magnetic properties characterization 

The magnetic measurements were carried out in a Quantum Design 

SQUID magnetometer between 2 and 300 K at magnetic fields between 

50 Oe an 8 T.   Electrical measurements were performed using a Physical 

Properties Measurement System (PPMS, Quantum Design, USA) with a 

custom-made multifunctional probe. The electrical resistivity was 

measured using a Keithley 6517A Electrometer/High Resistance Meter, 

and the dielectric properties were measured on an Agilent (E4980A) 

Precision LCR meter. Electrical contacts with the sample were 

established using silver paste and copper wire. Data were recorded while 

the sample was heated. 
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A new fast synthetic approach of LaTaON2 at high temperature under N2 

is reported using two alternative reactions that produce ceramic samples 

with high crystallinity and sintering. The observed N/O anion distribution 

in this perovskite determined by neutron diffraction is different from 

previous studies on samples prepared under NH3 at lower temperatures, 

indicating that the synthesis conditions have an influence on the anion 

order.  The dielectric permittivity εr ≈ 200, reported for the first time for a 

highly nitrided pseudocubic perovskite, is found to be similar to that 

observed in perovskites with one nitrogen per formula.  
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Abstract: The development of new synthetic methodologies of 

perovskite oxynitrides is challenging, but necessary for the search of new 

compounds and the investigation of new properties. Here we report a 

new method of preparation of the perovskite LaTaON2 that has been 

investigated as pigment and as photocatalyst for water splitting. The 

synthesis proceeds through the solid state reactions under N2 at 1500 
o
C

between La2O3, LaN and Ta3N5 or between LaN and TaON, that are 

completed after 3 hours and lead to sintered, highly crystalline samples 

with particle sizes up to 1 m. Nitrogen deficient samples LaTaO1+xN2-x 

with x≤0.35 are prepared by changing the N/O ratio in the mixture of 

reactants. Electron diffraction, synchrotron diffraction and neutron 

diffraction studies on stochiometric and nitrogen deficient compounds 

indicate that they crystallize in the monoclinic space group I2/m with 

lattice parameters for LaTaON2 of a= 5.71458(7), b= 8.05987(10), 

c=5.74772(6) Å, =89.982(3). The three anion sites of the I2/m structure 

are partially occupied by oxygen and nitrogen, with a preference of 

nitride for two positions with occupancies of 77% and 88%.  This anion 

distribution is different from that reported in previous studies of samples 

prepared by ammonolysis at lower temperatures, suggesting that the 

synthesis conditions affect the anion order of this perovskite. Optical 

measurements indicate a band gap of about 1.9 eV, which is close to that 

observed in samples prepared by other methods. The determined 

dielectric permittivity for LaTaON2 r ≈ 200, reported for the first time 

for a highly nitrided pseudocubic perovskite, is similar to that observed 

in perovskites with one nitrogen per formula.  
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3.1.1 Introduction 

Transition metal oxide perovskites ABO3 show a large diversity of 

properties and technological applications. The substitution of the anion 

oxide (O
2-

) by nitride (N
3-

) with higher charge expands the possibilities 

of combining different oxidation states of A and B cations, resulting in 

totally new compounds ABO3-xNx with nitrogen contents up to 2.4,
1
 

where A is an alkaline earth metal or a rare earth metal and B is an early 

transition metal in a high oxidation state. The differences in 

electronegativity and electronic polarizability between nitrogen and 

oxygen induce changes in the electronic structure and bonding -which is 

more covalent for nitride-, modifying the physical and chemical 

properties.
  

Nitrogen decreases the band gap because its lower 

electronegativity compared to oxygen, and the majority of perovskite 

oxynitrides, with Eg values from 1.7 to 3.35 eV, absorb light in the 

visible range allowing remarkable applications as visible light active 

photocatalysts 
2 

and non-toxic inorganic pigments.
3 

The higher charge of 

N
3-

 increases the ionic polarizability, which is further enhanced by 

bonding with highly charged cations and with anion order. The order of 

N
3-

 and O
2-

 may lead to the existence of long range ordered electric 

dipoles as in the non-centrosymmetric hexagonal perovskite BaWON2.
4
 

Dielectric permittivity (r)  in centrosymmetric pseudocubic perovskites 

has been reported for a limited number of compounds, with values 

ranging from 16 for NdHfO2N
5
 to 4900 for SrTaO2N.

6 
The large 

permittivity values were early interpreted by the presence of local B-X 

(X= O, N) dipoles induced by partial anion order,
7,8,9 

however it has been 

recently emphasized that some of the reported gigantic r values may not 
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be intrinsic, but resulting from spurious effects due to poor sintering of 

the measured samples and leakage contributions.
10 

The synthesis of perovskite oxynitrides has been mostly performed under 

NH3(g) at temperatures of 900-1000 
o
C.

11
 The starting compounds are 

either ternary oxides or a mixture of oxides and carbonates. Under NH3 at 

these temperatures, the rare earth oxides do not react with the transition 

metal oxides unless alkaline or alkaline earth chlorides are added to the 

reactants mixture as fluxes to increase the cation mobility. The 

ammonolysis reaction is usually very slow, and several cycles of 24 

hours may be required to obtain single phase samples of the targeted 

oxynitride.  The synthesis under N2 of perovskite oxynitrides has been 

much less explored than ammonolysis. Higher temperatures are required, 

between 1200 
o
C and 1500 

o
C, but it has the great advantage of using a 

non-toxic gas. Moreover, the reaction times are generally short, typically 

of few hours, and normally one single thermal treatment is enough to 

obtain samples with high purity and crystallinity. The high temperatures 

also favor grain growth and sintering, which is necessary to perform 

electrical measurements. Initial examples of this approach were the 

syntheses of SrTaO2N or BaTaO2N starting with TaON and SrO or BaO 

respectively.
12

 The same compounds have been more recently prepared 

by reacting Ta3N5 with the alkaline earth carbonate,
13

 and RHfO2N 

perovskites with R= La, Nd, Sm were prepared using R2O3 and Hf2ON2 .
5
 

As the highly stable N2 molecule does not react with oxides under these 

conditions, the main difficulty in this synthetic approach is to access the 

necessary nitrided reactants that will provide the desired molar ratio 

between N, O and the cations in the final product. 
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LaTaON2, with a band gap of 1.9 eV, shows intense absorption up to 650 

nm. It was initially investigated as red pigment,
3
 and more recently it has 

attracted significant attention as a photocatalyst for water reduction under 

visible light.
14

 It has been prepared following several synthetic 

approaches. The first synthesis of LaTaON2 was reported by Marchand 

and colleagues, using the treatment in NH3 at 950 
o
C of LaTaO4.

15
 The 

direct synthesis through a solid state reaction between La2O3 and Ta2O5 

can be performed under NH3 at 850-950 
o
C by using fluxes of CaCl2, KCl 

or NaCl. 
3, 16

Ammonothermal synthesis at temperatures as low as 600 
o
C 

has been used starting from La, Ta and NaNH2 
17

 or NaN3,
18

 and produce 

samples with large crystal sizes.  

Here we report a new synthetic approach for LaTaON2 by solid state 

reaction at 1500 
o
C using LaN, La2O3 and Ta3N5 or LaN and TaON as 

reactants, that represents the first high temperature synthesis under N2 of 

a highly nitrided perovskite oxynitride. The samples are obtained after 3 

hours of treatment at the maximum temperature, and show high 

crystallinity. Nitrogen stoichiometry can be adjusted from 1.65 to 2.0 by 

increasing the N/O ratio in the mixture of reactants or by post-synthesis 

annealing in NH3. The crystal structures of stoichiometric LaTaON2 and 

nitrogen deficient LaTaO1.12N1.88 are investigated by electron diffraction, 

neutron powder diffraction and synchrotron X-ray powder diffraction. 

They show the monoclinic I2/m space group, where three anion sites are 

partially occupied by N
3-

 and O
2-

 that display some preferential 

occupancy but without long range order. The observed anion distribution 

shows differences with those reported in previous neutron diffraction 

studies of LaTaON2 prepared by ammonolysis.
16,19,20 

The optical bandgap 
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determined by diffuse reflectance spectroscopy is 1.9 eV, in agreement 

with previous reports from several groups. High temperature sintering 

allows accurate determination of the dielectric permittivity (r) that is 

remarkably larger (r ≈ 200 at 5 K) than for related oxidic compounds, 

although comparable to SrTaO2N which stress the tuneability of the 

dielectric properties in these perovskites. 

 

3.1.2 Experimental 

Synthesis of LaTaO1+xN2-x (0 ≤ x ≤0.35) 

The synthesis of LaTaO1+xN2-x samples with 0 ≤ x ≤0.35 was performed 

at 1500 
o
C in flowing N2 (Air Liquide, 99.9999 %) using two different 

reactions, starting either with La2O3 (Aldrich 99.999%), LaN (Alfa Aesar 

99.9%) and Ta3N5 (route (1)), or with LaN and TaON (route (2)).  La2O3 

was dried under dynamic vacuum of 10
-3

 torr at 900 
o
C during 12 hours. 

TaON was prepared by treatment of Ta2O5 (Aldrich 99.99%) in NH3 

(Carburos Metálicos, 99.9%) using two cycles of 3 hours at 850 
o
C under 

a flow rate of 40 cm
3
/min. Ta3N5 was prepared by treatment of Ta2O5 

(Aldrich 99.99%) in NH3 using several cycles of 15 hours at 850 
o
C 

under a flow rate of 600 cm
3
/min. Handling of the reactants and 

pelletizing were carried out in a glove box under recirculating argon 

atmosphere. Mixtures of the reactants in stoichiometric ratios lead to 

nitrogen deficient samples. Using an excess of nitrogen by increasing the 

LaN/La2O3 ratio in route (1) lead to stoichiometric LaTaON2. The 

powders were thoroughly mixed in an agate mortar for 30 min, pressed 
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into a pellet and placed in a molybdenum crucible. Zirconium foil was 

used as a cover of the crucible and close to it in the reaction tube to 

scavenge oxygen and water from N2. The mixtures were treated at the 

maximum temperature during one single cycle of 3 hours with heating 

and cooling rates of 300 °C/h. In order to decrease the amount of reduced 

species, the surface of the pellets was sanded and separated from the 

sample used for further characterization. Post treatment under NH3 of a 

nitrogen deficient sample prepared by route (1) was performed at 1000 

o
C under a flow rate of 600 cm

3
/min. We also prepared a sample of

LaTaON2 by ammonolysis of LaTaO4 that was used to compare grain 

sizes and sintering with those of samples prepared at high temperature. 

LaTaO4 was treated at 950 
o
C under NH3 flow rate of 300 cm

3
/min

during two cycles of 40 h as reported in reference 19.  

N contents were determined by combustion analysis in a Thermo Fisher 

Scientific instrument, heating the samples in oxygen up to 1060 
o
C and

using MgO, WO3 and Sn as additives and atropine as a reference 

standard. Scanning electron microscopy (SEM) images were obtained in 

a Thermo Fisher XHRSEM Magellan 400L microscope, and EDX 

analyses of cation contents were performed in a FEI Quanta 200 FEG 

microscope equipped with an EDAX detector with an energy resolution 

of 132 eV. 

Structural characterization 

Laboratory X-ray powder diffraction data were collected on a Panalytical 

X’Pert Pro MPD diffractometer using Cu Kα radiation (λ= 1.5418 Å). 

High resolution synchrotron X-ray powder diffraction (SXRD) data were 
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measured at room temperature from capillary (0.3 mm diameter) samples 

in the angular range 4.0
o
 ≤ 2≤ 46.5

o
 at the MSPD beamline

21 
of the 

ALBA Synchrotron (Cerdanyola del Vallès, Spain). Using a double Si 

(111) and Si (220) crystal monochromator, a short wavelength was 

selected and calibrated with Si NIST (λ = 0.41322 Å), and collected 

using the multi-analyzer detector. Rietveld analysis was carried out using 

the program Fullprof.
22

 Background refinement was performed by linear 

interpolation and an appropriate absorption correction was used. Neutron 

powder diffraction data were collected at room temperature on the D20 

diffractometer at the Institut Laue-Langevin (ILL), Grenoble, using a 

vanadium can as sample holder and a wavelength of 1.865 Å. Rietveld 

analysis was carried out using the program Fullprof.
22

 

Electron diffraction micrographs were obtained in a JEOL 1210 

transmission electron microscope operating at 120 kV, equipped with a 

side-entry 60
o
/30

o
 double tilt GATAN 646 specimen holder. The samples 

were prepared by dispersing the powders in hexane and depositing a 

droplet of this suspension on a holey carbon film supported on a copper 

grid. 

Physical properties characterization 

Diffuse reflectance spectra were registered at room temperature on a 

JASCO V-780 UV-visible/NIR spectrophotometer, with operational 

ranges of =200-1200 nm. Electrical resistance measurements were 

performed between 20 and 400 K on sintered pellets using silver past 

contacts by the four probe and Van der Pauw methods. Dielectric 
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measurements were performed using a capacitor geometry with silver 

paint circular electrodes covering about 80% of the surface of the pellet. 

Effective areas of tested samples varied between 0.5 and 3 mm
2
. Their 

density was determined by measuring the volume and the weight of the 

pellets, resulting in relative values between 50.4% and 52.2%.  

Capacitance (C(f,T)) was measured using excitations signals of 0.1 V at 

various frequencies (f = 1 kHz-1 MHz) as a function of temperature (T) 

between 10 K and 300 K, using an impedance analyzer and a Quantum 

Design Physical Property Measurement System for temperature control. 

Dielectric permittivity was determined from the capacitance data using 

the nominal capacitor geometry (area and thickness). 

3.1.3 Results and Discussion 

High temperature synthesis of LaTaO1+xN2-x 

The reaction of formation of LaTaON2 at 1500 
o
C under N2 proceeds by 

using one of the following synthetic approaches: 

(1) La2O3 + LaN + Ta3N5   ⟶  3 LaTaON2 

(2) LaN + TaON   ⟶  LaTaON2 

In both cases the reaction is very fast, and samples with high crystallinity 

are obtained after 3 hours of treatment as shown in Figure 1 by the 

synchrotron X-ray powder diffraction pattern of a sample prepared with 

method (1). They showed high sintering degree and particle sizes up to 1 

m as shown in the scanning electron microscopy images of Figures 2a 
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and 2b. In spite of the excellent grain sintering, a SEM image at smaller 

magnification allowed to observe a larger fraction of the sample surface 

and to appreciate a relatively reduced density (see Figure S1 at 

Supplementary Information). A SEM image of the LaTaON2 sample 

prepared by ammonolysis of LaTaO4 at 950 
o
C is shown in figure 2c with 

the same magnification than in figure 2b, and evidences the dramatic 

improvement of grain connectivity and increase in particle sizes achieved 

by the high temperature synthesis under N2. 

In the X-ray diffraction patterns of some samples prepared by routes (1) 

and (2), hexagonal (P6/mmm) TaN and La2O3 were detected as impurities 

in variable small amounts below c.a. 2 % (w/w), resulting either from 

incomplete reactions or presence of adventitious H2O and O2. Figure S2 

in Supplementary information shows the X-ray diffraction pattern of a 

sample prepared by route (1) that contained both impurity phases. In 

contrast with reaction (2) which has a fixed N:O ratio in the reactants, 

reaction (1) provides the possibility to increase the nitrogen content in the 

initial mixture by changing the proportion of La2O3 and LaN while 

keeping constant the La/Ta ratio. Combustion analyses indicated that the 

samples prepared with the stoichiometric ratios of the reactants using 

both (1) and (2) showed nitrogen deficiency, with contents between 1.65 

and 1.9 atoms per formula. Nitrogen loss at 1500 
o
C has been previously 

observed during the treatment of the perovskite SrTaO2N in N2 leading to 

similar deficiencies of up to 0.3 atoms per formula.
23

 This is due to a 

decomposition reaction analogous to that shown by transition metal 

oxides at high temperatures that lead to reduced oxides together with 

O2,
24

 and in this case produces N2 and partial reduction of Ta
5+

 to Ta
4+

. 
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According to the presence of tantalum in a mixed oxidation state, the 

nitrogen deficient samples were black colored or dark brown -in contrast 

to red colored samples obtained by ammonolysis,
3,19

 and showed an 

enhanced electrical conductivity (see below). 

 

  

 

 

 

 

Figure 1. Observed and calculated synchrotron X-ray powder diffraction 

patterns of LaTaON2 prepared at 1500 
o
C by route (1). Upper and lower 

reflection markers are respectively for LaTaON2 and hexagonal (P6/mmm) TaN. 

The inset shows the high Q region enlarged. 

 

 

 

Figure 2. Scanning electron microscopy images of LaTaON2 samples: (a) and 

(b) prepared at 1500 
o
C with reaction (1); (c) prepared by ammonolysis of 

LaTaO4 at 950 
o
C. 
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In order to obtain highly insulating samples required for the study of the 

dielectric properties, it was necessary to minimize the presence of Ta
4+

. 

The nitrogen content was increased up to two atoms per formula by using 

reaction (1), but starting with an excess of nitrogen in the mixture of 

LaN, La2O3 and Ta3N5, with molar ratio 1.36:0.82:1 instead of 1:1:1 to 

compensate the nitrogen loss in the decomposition process. The color of 

the LaTaON2 sample was brown, but lighter than for the nitrogen 

deficient samples. Another approach to increase the nitrogen content was 

the post treatment under NH3 of the pellets. By using this method, the 

nitrogen content of a sample prepared using reaction (1) with 1.7 atoms 

per formula was increased to 1.9 atoms per formula, thus leading to a 

residual nitrogen deficiency of 0.1. As-prepared samples following 

method (1) with compositions LaTaON2, LaTaO1.12N1.88, LaTaO1.18N1.82 

and LaTaO1.27N1.73 were selected for further structural and physical 

properties characterization. EDX analyses of these samples performed for 

several crystals gave La:Ta ratios between 1.07 and 1.21 which agree 

with the nominal compositions within the standard deviations. 

Diffraction study 

In Figure 3(a-c) we show electron diffraction patterns of a crystal of 

LaTaON2 obtained by rotating around the a0 axis, where the subindex 0 

refers to the cubic Pm-3m perovskite subcell. Reconstruction of the 

reciprocal lattice from these and other electron diffraction patterns lead to 

a superstructure √2a0 x 2a0 x √2a0 with parameters a = 5.80 Å, b = 8.17 Å 

and c = 5.84 Å, and reflection conditions compatible with the space 
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Figure 3. Electron diffraction patterns of (a, c) 1010 and (b) [001]0 planes of 

LaTaON2 obtained by tilting around a
0
 axis. In [101] (a) and [-101] (c) planes 

the small arrows indicate the superstructure reflections. 

group I2/m (N
o
 12). Similar results were obtained for the non-

stochiometric compound LaTaO1.12N1.88.  

The crystal structure of LaTaON2 has been described in the space groups 

Imma
16 

and I2/m,
19

 which is equivalent to C2/m
20 

but with a different 

orientation and dimensions of the unit cell. These groups correspond to 

the antiphase tilt systems a
0
b

-
b

-
 and a

0
b

-
c

-
 respectively.

25,26
 The 

observation of superstructure reflections by electron diffraction in 1100 

zone-axis patterns (ZADPs) can help to infer the tilt system, following 

the method suggested by Woodward and Reaney.
27

 Both I2/m and Imma 

space groups show [110]0 planes with superstructure reflections, but 

whereas for I2/m these are present in all twelve 1100 variants, for Imma 

there are two of these planes that do not show the extra spots. We 

performed the reconstruction of the reciprocal lattice by electron 

diffraction selecting 8 crystals for LaTaON2 or LaTaO1.12N1.88, observing 
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superstructure reflections in all 1100 planes. In consequence, the I2/m 

space group was chosen as statistically more probable.  

In figures 1 and 4 we show the Rietveld fits for LaTaON2   to synchrotron 

X-ray and neutron powder diffraction data respectively, and figures S3 

and S4 show the corresponding refinements for LaTaO1.12N1.88. In both 

samples the secondary phase TaN was visible in the synchrotron X-ray 

diffraction patterns, as two small peaks at Q values of 2.42 and 2.57 Å
-1

. 

The refined weight fraction of TaN was 2.06(4) % (molar fraction 0.04) 

in LaTaON2 sample and 0.71(2) % (molar fraction 0.013) in 

LaTaO1.12N1.88. The presence of such small amounts of TaN does not 

change the anion stoichiometry determined by combustion analysis as it 

affects the %N content in a maximum value of +0.01 % (w/w) which is 

within the standard deviation of analysis results.  

Tables 1 and 2 show the crystallographic data for LaTaON2 and Tables 

S1 and S2 show those of LaTaO1.12N1.88.  The initial model for neutron 

diffraction refinements was taken from our previous study on LaTaON2 

prepared by ammonolysis of LaTaO4,
19

 using the same I2/m space group, 

which resulted from symmetry lowering of orthorhombic Imma as a 

consequence of anion order. This splits the 8g sites of Imma (Y2 

positions) into two inequivalent positions 4g and 4h in I2/m (Y21 and 

Y22 sites).  The O/N occupancies in the three anion sites Y1, Y21 and 

Y22 were refined independently starting with a random distribution 

0.33/0.66. The refined nitrogen stoichiometries for LaTaO1.12N1.88 and   

LaTaON2 were 1.79 and 2.04, respectively. These values are very close 

to the analyzed contents that were used as constraints in subsequent 
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refinements. In the refinements of synchrotron X-ray powder diffraction 

patterns the anion occupancies were fixed to those obtained from neutron 

diffraction. The resulting O/N occupancies for the three anion sites in 

LaTaON2 Y1 (0.230(7)/0.770), Y21 (0.112(14)/0.888) and Y22 

(0.658(14)/0.342), showed a marked preference of nitrogen for Y1 and 

Y21 sites (Figure 5a) and are different for Y21 and Y22 sites, accounting 

for the symmetry lowering from Imma to I2/m. The observed anion 

distribution in the nitrogen deficient sample LaTaO1.12N1.88 was similar to 

that found for LaTaON2, with O/N occupancies of 0.296(6)/0.704, 

0.164(11)/0.836 and 0.662(12)/0.338 for Y1, Y21 and Y22 sites 

respectively. The refined cell volume of LaTaO1.12N1.88, 264.545(4) Ȧ
3 

(from neutron diffraction data), was found smaller than for LaTaON2, 

264.733(5) Ȧ
3
, according with the larger ionic radius of N

3-
 (1.46 Ȧ, 

CN=IV) compared to O
2-

(1.38 Ȧ, CN=IV) which over compensates the 

difference between the ionic radii of Ta
5+

 (0.65 Ȧ, CN=VI) and Ta
4+ 

(0.68 Ȧ, CN=VI).
28

 The differences in ionic radii of both anions affect 

the observed bond distances, which are larger for the stoichiometric 

compound (Tables 1 and S2). Bond valence calculations 
29,30 

for Ta, La, 

O and N ions lead to 4.954, 2.892, -2.079 and -2.959 valence units 

respectively in LaTaO1.12N1.88 and 4.966, 2.984, -2.079 and -2.959 

valence units in LaTaON2, which are both in close agreement with the 

ideal valences of 5, 3, -2, and -3. 

The observed anion distribution in Y1, Y21 and Y22 sites is different 

from our previous results for LaTaON2 prepared by ammonolysis (Figure 

5b), where Y21 position was 100% occupied by nitride, whereas the 

other anion sites (Y1 and Y22) showed O/N occupancies close to 50% 
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(0.41(2)/0.59 for Y1 and 0.59/0.41 for Y22).
19

 This anion distribution

was interpreted as resulting from a cis configuration of nitrides in 

TaO2N4 octahedra induced by covalency, and the formation of zigzag M-

anion chains that disorder in planes then leading to c.a. 50% of oxygen 

Figure 4. Observed and calculated neutron powder diffraction patterns of 

LaTaON2. Upper and lower reflection markers are respectively for LaTaON2 

and vanadium from the sample environment. 

and nitrogen in two sites. The observed occupancies in LaTaON2 

prepared at high temperature indicate a preference of nitrogen for Y21 

and Y1 sites, but the three positions are partially occupied by the two 

anions which are more disordered than in the compound prepared by 

ammonolysis.  The anion occupancies of the present study also differ 

from the distribution reported by Jansen and coworkers
20

 for a sample of

LaTaON2 prepared in NH3 at 850 
o
C from La2O3 and Ta2O5 using a
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Table 1. Summary of the I2/m model for LaTaON2 refined against room 

temperature neutron powder diffraction data using 1.865 Å. Cell parameters: 

a= 5.71458(7), b= 8.05987(10), c=5.74772(6) Å, =89.982(3)º. RBragg= 4.8 %, 

Rwp= 2.10 %, 
2
=4.34.

[a] 

atom site x y z occupancy (O/N) 

La 4i 0.7515(18) 0 0.2473(5) 

Ta 4e 3/4 1/4 3/4 

Y1 4i 0.7343(13) 0 0.6791(3) 0.230(7)/0.770 

Y21 4g 0 0.7784(4) 0 0.112(14)/0.888 

Y22 4h 1/2 0.2029(4) 0 0.658(14)/0.342 

bond distance (Å) Bond distance (Å) bond distance (Å) 

La-Y1 2.484(3) 

2.807(7) 

2.970(7) 

3.267(3) 

La-Y21 2.687(3) x 2 

23.035(3) x 2 

La-Y22 2.599(3) x 2 

23.141(3) x 2 

Ta-Y1 2.0578(5) x 2 Ta-Y21 2.0396(4) x 2 Ta-Y22 2.0614(6) x 2 

Bond Angles (o): Ta-Y1-Ta   156.59(13)  Ta-Y21-Ta   167.07(18)  Ta-Y22-Ta   158.73(18) 

[a] Estimated standard deviations in parentheses are shown once for each independent variable.

Isotropic thermal parameters were common for all sites and refined to 0.06(4) Å2. 

mixture of CaCl2, KCl and NaCl, that showed total order of O atoms in 

trans positions of the TaO2N4 octahedra (Figure 5c). Woodward and 

coworkers
16 

used a similar method of synthesis under NH3 with

NaCl/KCl flux but at higher temperature of 950 
o
C, and described the

crystal structure in the Imma space group with total disorder of nitrogen 

and oxygen in two crystallographically independent anion sites (Figure 

5d). The observed anion distributions in neutron diffraction studies of 

LaTaON2 obtained by different routes indicate an influence of the 

preparation method on the crystal structure of perovskite oxynitrides, 

which may depend on kinetic or thermodynamic factors affected by the 

temperature of synthesis, reaction time, heating and cooling rates, and the 
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presence of liquid phases increasing the mobility of cations and anions. 

Differences in the crystal structure have been also observed in SrTaO2N 

samples prepared by distinct methods of synthesis. This compound 

crystallizes in the space group I4/mcm when prepared at 950 
o
C under

NH3, whereas it shows the non-tilted P4/mmm structure in samples 

obtained at 1500 
o
C in N2.

31
 However, in contrast to LaTaON2, the

observed anion order in SrTaO2N is similar for samples prepared at high 

temperature and by ammonolysis at lower temperatures.
31,32

Table 2. Summary of the I2/m model for LaTaON2 refined against room 

temperature synchrotron X-ray powder diffraction data using  0.41322 Å. 

Cell parameters: a= 5.71436(2), b= 8.06057(3), c= 5.74729(2) Å, 

=90.0067(5)º. RBragg= 4.36 %,  Rwp= 11.7 %, 
2
=1.62.

[a]
 The O/N occupancies

were fixed to the values obtained from neutron diffraction. 

atom site x y z B (Å2) occupancy (O/N) 

La 4i 0.7541(4) 0 0.2482(4) 0.613(9) 

Ta 4e 3/4 1/4 3/4 0.553(7) 

Y1 4i 0.748(8) 0 0.679(2) 1.09(14) 0.230/0.770 

Y21 4g 0 0.786(4) 0 1.09 0.112/0.888 

Y22 4h 1/2 0.204(3) 0 1.09 0.658/0.342 

La-Y1 2.476(12) 

2.88(5) 

2.90(5) 

3.272(12) 

La-Y21 2.64(2) × 2 

3.09(2) × 2 

La-Y22 2.617(15) × 2 

3.124(19) × 2 

Ta-Y1 2.056(2) × 2 Ta-Y21 2.047(5) × 2 Ta-Y22 2.060(4) × 2 

Bond Angles (o): Ta-Y1-Ta   157.10(9)  Ta-Y21-Ta   163.70(18)    Ta-Y22-Ta   159.26(17) 

[a] Estimated standard deviations in parentheses are shown once for each independent variable.
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Figure 5. Anion order models for LaTaON2: (a) This work; (b) I2/m structure 

corresponding to a sample prepared by ammonolysis of LaTaO4;
19

 (c) C2/m 

model for a sample prepared by ammonolysis of La2O3, Ta2O5 and an 

equimolecular mixture of CaCl2, KCl and NaCl at 850 
o
C;

20
 (d) Imma structure 

for a sample prepared by ammonolysis of La2O3, Ta2O5 and a mixture of NaCl 

and KCl at  950 
o
C.

16 

 

 



 

 

High Temperature Synthesis and Dielectric Properties of LaTaON2 

 

78 

 

Electrical and optical properties 

Figure 6a shows the electrical resistivity as a function of temperature of 

the stoichiometric LaTaON2 compound. The room-temperature resistivity 

is of about 10
7
·cm. It rapidly increases up to around 1x10

9
 ·cm at 50-

60 K. By further cooling down, the resistivity increases moderately up to 

about 6x10
9
 ·cm at the lowest temperature (5 K). The large low 

temperature resistivity is consistent with the insulating character 

expected from the 5d
0
 nature of its conduction band. The room 

temperature resistivity is in fairly good agreement with that reported for 

high pressure sintered pellets of SrTaO2N.
33

 However, as emphasized by 

the Arrhenius plots in Figure 6a (top-right axes), it is clear that (T) 

cannot be described by a single simple activated behavior. The increase 

of resistance observed at high temperature (> 60 K) could be compatible 

with an activated behavior, although with a relatively small activation 

energy (≈ 0.2 eV). In any event, the observed temperature dependence of 

the resistivity indicates that it is ruled by extrinsic defects.  

Figure 6b shows the temperature dependence of the dielectric 

permittivity (r) of LaTaON2, recorded at various frequencies (50 kHz-

1MHz). It can be noticed that r decreases from ≈280 at room 

temperature to ≈ 200 at 5 K. The observed temperature and frequency 

dependences suggest a minor contribution from a Maxwell-Wagner 

effect
34

 which typically occurs due to the finite conductivity of samples, 

and thus it is most noticeable at high temperature. The frequency 

dependent permittivity observed at room temperature is a fingerprint of 
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this effect. In contrast, the low-temperature data is rather insensitive to 

frequency. Therefore, the value obtained at the lowest temperature 

(r = 200) is likely to be an accurate measure of the intrinsic permittivity 

of LaTaON2. In principle, the measured permittivity could be corrected 

for density effects 
35, 36

 to extract the intrinsic permittivity of bulk 

LaTaON2. However, this extraction is not free from uncertainties (See 

Figure S5 of Supplementary Information), and this correction is omitted 

here. The conductivity of N-deficient samples, such as LaTaO1.12N1.88 

(Figure S6a), is found to be definitely larger than for the stoichiometric 

compound due to presence of N-vacancy donor levels and the subsequent 

electron doping of the conduction band. Consequently, the measured 

permittivity of nitrogen deficient samples is dominated by the Maxwell-

Wagner contribution (Figure S6b), precluding extraction of reliable 

permittivity values. The temperature and frequency dependence of the 

dielectric losses of these samples are consistent with this view (See 

Figure S7 in Supplementary Information). UV-visible spectroscopy 

measurements of LaTaON2 (Figure 6c) show an abrupt change of 

reflectance in the Kubelka-Munk function at about 600 nm. which is a 

fingerprint of the onset of optical absorption. However, a perceptible 

background is well visible at longer wavelengths. Similar absorbing tails 

have been observed in related compounds and have been attributed to the 

presence of reduced Ta
m+

 (m<5) species at the grains surface. The 

absorption edge is better appreciated in the Tauc plot shown in Figure 6d, 

that indicates a direct transition with bandgap energy of ≈ 1.9 eV.  
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Results reported above for the stoichiometric LaTaON2 sample indicate a 

bandgap of about 1.9 eV and a permittivity of r ≈ 200 (10 K, 1MHz). As 

expected from the smaller electronegativity of nitrogen compared to 

oxygen, the band gap of LaTaON2 is found to be narrower than in the 

related SrTaO2N (2.1 eV) and KTaO3 (3.5 e V) oxides. On the other 

hand, the permittivity value is rather large as for other oxynitrides, but 

comparable to values reported for SrTaO2N (r ≈ 66-70)
37,38

 or BaTaO2N 

(320)
39

 films and high-pressure/high temperature sintered pellets of 

SrTaO2N (r ≈ 200).
33 

We restrict the comparison to data reported for thin 

films and sintered samples, because, as stressed by Masubuchi, et al
10

, 

the ammonolysis process used to prepare oxynitrides indefectibly leads to 

poorly sintered samples where the role of grain boundaries on impedance 

measurements can be overwhelming, precluding extraction of reliable 

data.  

Permittivity values of about 200 in simple oxides are uncommon except 

when materials are close to polar distortions or contain (nano)polar 

regions. Whereas short range order of O
-2 

and N
-3

 ions in 

centrosymmetric perovskite oxynitride structures is claimed to give rise 

to local polar structures in strained thin films (SrTaO2N) 
40

 or even in 

single crystals (BaTaO2N),
41 

long range order and the accompanying 

non-centrosymmetric and polar order has only been reported in the 

hexagonal perovskite BaWON2.
4
 In LaTaON2, the octahedral 

coordination of Ta
+5

 ions involves 4 N and 2 O ions. The observed 

partially disordered anion distribution in our samples prepared at high 

temperature does not indicate the presence of ordered dipoles, but a local 
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Figure 6. a) Electrical resistivity ρ(T) (left axis) and ln [ρ(T
−1

)] (right axis); b) 

permittivity r(T) recorded at various frequencies. Dashed line is the linear 

region used to evaluate the activation energy as indicated; c) Kubelka-Munk 

representation of the UV-Vis diffuse reflectance spectra of LaTaON2; d) Optical 

absorption Tauc plots for direct transitions. 

cis configuration of nitrides could still exist, similar to that suggested for 

cubic BaTaO2N.
7 

The competing Coulomb attraction between O
-2 

and N
-3 

anions and Ta
+5 

shall allow decentering of the metal, which it turn will 

give rise to a large permittivity, as observed. In the same vein, even in 

absence of any long or short range order of dipoles, a similar permittivity 

should be expected for SrTaO2N which is in agreement with observation. 
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3.1.4 Conclusions 

Highly sintered ceramic samples of LaTaON2 have been prepared in N2 

at 1500 
o
C following two approaches of solid state reaction between

La2O3, LaN and Ta3N5 or between LaN and TaON. Partial decomposition 

leading to reduced LaTaO1+xN2-x compounds with nitrogen deficiencies 

up to x=0.35 is observed, while the stoichiometric compound is obtained 

in the first reaction by increasing the LaN/La2O3 ratio in the initial 

mixture. The crystal structures of LaTaON2 and LaTaO1.12N1.88 are 

described in the I2/m space group with nitride and oxide anions 

occupying three positions in different proportions, with preferred 

occupancy of nitride for two sites. This anion distribution contrasts with 

that observed in a previous study for LaTaON2 prepared by ammonolysis 

at 950 
o
C, that showed one of the three anion sites totally occupied by

nitride, and it also differs from results for samples of the same compound 

prepared by other groups under NH3 at similar lower temperatures but 

using fluxes. Hence, the synthetic route of this highly nitrided compound 

has an impact on final anionic ordering. This is in contrast with the 

similar anion order schemes observed for the less nitrided perovskite 

SrTaO2N prepared by ammonolysis or under N2 at high temperatures. 

However, the synthesis approach of LaTaON2 does not have any 

perceptible impact on the optical gap, which is about 1.9 eV in all cases. 

The well sintered stoichiometric sample allows reliable determination of 

the dielectric permittivity which is about 200, similar to that reported for 

perovskites with one nitrogen per formula such as SrTaO2N. 
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Europium tantalum perovskite oxynitrides are prepared by a new solid-

state synthesis approach under N2 or N2/H2 at 1200 °C starting with metal 

nitrides and oxides. N/O tuning in the mixture of reactants allows to 

obtain the first triple perovskite oxynitride Eu3Ta3O3.66N5.34 where 

europium cations order in two A′ and A″ sites with ratio 2:1 occupied 

preferentially by Eu
3+

 and Eu
2+

, respectively. The new compound is 

ferromagnetic with Tc ≈ 3 K. 
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Abstract: Europium tantalum perovskite oxynitrides were prepared by a 

new high-temperature solid-state synthesis under N2 or N2/H2 gas. The 

nitrogen stoichiometry was tuned from 0.63 to 1.78 atoms per Eu or Ta 

atom, starting with appropriate N/O ratios in the mixture of the reactants 

Eu2O3, EuN and Ta3N5, or Eu2O3 and TaON, which was treated at 1200 

°C for 3 h. Two phases were isolated with compositions 

EuTaO2.37N0.63 and Eu3Ta3O3.66N5.34, showing different crystal structures 

and magnetic properties. Electron diffraction and Rietveld refinement of 

synchrotron radiation X-ray diffraction indicated that EuTaO2.37N0.63 is a 

simple perovskite with cubic Pm-3m structure and cell parameter a = 

4.02043(1) Å, whereas the new compound Eu3Ta3O3.66N5.34 is the first 

example of a triple perovskite oxynitride and shows space 

group P4/mmm with crystal parameters a = 3.99610(2), c = 11.96238(9) 

Å. The tripling of the c-axis in this phase is a consequence of the partial 

ordering of europium atoms with different charges in two A sites of the 

perovskite structure with relative ratio 2:1, where the formal oxidation 

states +3 and +2 are respectively dominant. Magnetic data provide 

evidence of ferromagnetic ordering developing at low temperatures in 

both oxynitrides, with saturation magnetization of about 6 μB and 3 

μB per Eu ion for EuTaO2.37N0.63 and the triple perovskite 

Eu3Ta3O3.66N5.34 respectively, and corresponding Curie temperatures of 

about 7 and 3 K, which is in agreement with the lower proportion of 

Eu
2+

 in the latter compound.



 

 

High-Temperature Synthesis of Ferromagnetic Eu3Ta3(O,N)9 with a 

Triple Perovskite Structure 

 

92 

 

3.2.1 Introduction 

Perovskite oxynitrides AB(O,N)3 (A = alkaline earth or rare earth metal; 

B = transition) are important materials with electronic properties and 

photocatalytic activity of relevance in several reactions.
1
 The majority of 

reported compounds show crystal structures derived from the Pm-

3m aristotype, frequently showing lower symmetry space groups 

resulting from a combination of octahedral tilting and anion order.
2-

4
 Perovskite oxynitrides with more complex structures have been also 

reported, although the number of compounds is restricted to a few 

examples. Double perovskites with B-site order A2B′B″(O,N)6 have been 

reported for three compounds with the pairs of cations B′/B″= 

Fe
3+

/W
6+

,
5
 Fe

3+
/Mo

6+
,
6
 and Mn

2+
/Ta

5+
.
7
 Layered Ruddlesden–Popper 

8,9
 (An+1BnO3n+1) phases with n = 1 (A2B(O,N)4) and n = 2 (A3B2(O,N)7) 

have been reported for six compounds containing Nb,
10

 Ta,
11−13

 or 

Al, 
14

 and Dion-Jacobson structures 
15,16

 A′[A″n–1Bn(O,N)3n+1] have been 

found for A′ = alkaline metal, A″ = La, Ca, and B = Ta, Nb.
17,18

 In the 

group of hexagonal perovskite oxynitrides, the only known compound is 

BaWON2 that shows the 6H polytype.
19

 

Europium perovskite oxynitrides EuB(O,N)3 (B = Ti, Nb, W, Ta) have 

been investigated for their electrical and magnetic properties, which are 

affected by the N/O balance that tunes the formal valence state of Eu and 

the B cations: Eu
2+

 to Eu
3+

, and those of transition metals Nb
4+

, Nb
5+

, 

W
5+

, and W
6+

. For instance, EuNbO2+xN1–x (x ≤ 0.14) 
20

 and EuWO1+xN2–

x (−0.16 ≤ x ≤ 0.46)
 21

 show ferromagnetic ordering of Eu
2+

 S = 7/2 spins 

below 5.2 and 12 K, respectively. In EuWO1+xN2–x, the electrical 
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conductivity changes with the N/O ratio, and in both Nb and W 

compounds colossal magnetoresistance emerges below the Curie 

temperature, arising from the coupling between the localized Eu
2+

 spins 

and the transition metal (4,5)d carriers. EuTiO3–x–yNx with nitrogen 

contents up to x = 1 has been also reported, 
22

 with the N/O ratio and the 

anion vacancies tuning the europium oxidation state and the electronic 

properties. 

The europium tantalum oxynitride perovskite EuTaO2N was first 

prepared by Marchand et al. by the treatment of EuTaO4 under NH3 at 

950 °C.
23

 More recently, we prepared this oxynitride in similar 

conditions with a small nitrogen nonstoichiometry EuTaO2–xN1+x (0 ≤ x ≤ 

0.2), formally involving the presence of a low proportion of Eu
3+

 for x > 

0, and ferromagnetism was observed below Tc = 5.1 K for a sample 

with x = 0.05. The laboratory X-ray diffraction pattern of the EuTaO2N 

sample could be indexed in a cubic cell with a =4.0217(2) Å, but 

synchrotron X-ray diffraction indicated a small tetragonal distortion 

with a =4.02054(2), c =4.03079(4) Å.
20

 Electron diffraction of EuTaO2N, 

EuNbO2N, and EuWO2N shows a √2a0 × √2a0 × 2a0 superstructure 

(where a0 is the parameter of the perovskite cubic subcell) that was 

ascribed to octahedral tilting.
20,21

 Disordered B-site perovskites with 

compositions EuTi0.5W0.5O3–xNx and nitrogen contents between 0.87 and 

1.63 show ferromagnetic and antiferromagnetic exchange interactions 

between the Eu
2+

 cations, and the magnetic properties are tuned by the 

equilibrium Eu
2+

 + W
6+

 ↔ Eu
3+

 + W
5+

 which is shifted to the right for 

larger x values.
24
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The synthesis of all previously reported europium perovskite oxynitrides 

has been performed by ammonolysis of precursors at temperatures below 

1000 °C. In this paper, we report the study of the crystal structure and 

magnetic properties of EuTaO3–xNx compounds with a large range of N/O 

contents, prepared by a new synthetic approach that uses solid-state 

reactions between metal nitrides and oxides under N2 or N2/H2 gas at 

relatively high temperature (1200 °C). Two phases have been isolated 

with EuTaO2.37N0.63 and Eu3Ta3O3.66N5.34 stoichiometries showing 

different perovskite structures, as determined from synchrotron X-ray 

diffraction and electron diffraction. EuTaO2.37N0.63 is a simple Eu
2+

 cubic

perovskite similar to previously reported EuTaO2N but with a large 

proportion (37%) of reduced Ta
4+

. The compound

Eu3Ta3O3.66N5.34 represents the first example of an oxynitride with a 

triple perovskite structure, which is a consequence of the partial ordering 

of Eu
2+

 and Eu
3+

 ions in the A sites. The magnetic data are found to be

fully consistent with this finding, with both oxynitrides displaying a 

ferromagnetic ordering at low temperatures, with Curie temperatures of 

about 7 K for EuTaO2.37N0.63 and somewhat lower (≈3 K) for 

Eu3Ta3O3.66N5.34 due to dilution effects of magnetic interactions in the 

latter compound. 
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3.2.2 Experimental Methods 

Synthesis and Chemical Characterization 

Samples of 130 mg with compositions EuTaO3–xNx (0.63 ≤ x ≤ 1.78) 

were prepared using the reactants Eu2O3 (Sigma-Aldrich 99.9%), EuN 

(Materion, 99.9%), TaON, and Ta3N5. The N/O ratio in the initial 

mixture was the most determining factor in the final nitrogen content of 

the sample. This was changed by varying the proportion of the reactants 

while keeping constant the Eu/Ta ratio of 1:1. Eu2O3 was treated at 900 

°C under a dynamic vacuum of 10
–3

 Torr for dehydration. Ta3N5 was 

prepared by the treatment of Ta2O5 (Sigma-Aldrich, 99.99%) at 850 °C 

under NH3(g) (Carburos Metálicos, 99.9%), at a flow rate of 600 

cm
3
/min, using several cycles of 15 h with intermediate regrinding. 

TaON was prepared by the treatment of Ta2O5 at the same temperature 

under NH3(g) at a flow rate of 40 cm
3
/min, using two cycles of 3 h with 

intermediate regrinding.
 25 

Handling of the reactants, mixing, and 

pelletizing were done in a glovebox under a recirculating Ar atmosphere. 

The pellets were placed in a molybdenum crucible covered by zirconium 

foil, which was also used for oxygen and water scavenging in a second 

crucible placed close to the sample in the furnace tube (Al2O3, Alsint 

99.7%). The samples were heated at 300 °C/h up to 1200 °C under 

flowing N2 (Air Liquide, 99.9999%) or N2/H2 (95%/5% v/v, Air Liquide, 

99.9999%), treated for 3 h at 1200 °C, and cooled down to room 

temperature. 
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Nitrogen contents were determined by combustion analysis performed in 

a ThermoFisher Scientific instrument, heating the samples in oxygen up 

to 1060 °C and using MgO, WO3, and Sn as additives and atropine as a 

reference standard. EDX analyses of cation contents were performed in a 

FEI Quanta 200 FEG microscope equipped with an EDAX detector with 

an energy resolution of 132 eV. The analyses were performed on 10–15 

crystallites for each sample. 

Structural Characterization 

Laboratory X-ray powder diffraction data were acquired on a Panalytical 

X’Pert Pro MPD diffractometer using Cu Kα radiation (λ = 1.5418 Å). 

High-resolution synchrotron X-ray powder diffraction data were 

measured at room temperature from capillary samples (0.3 mm diameter) 

in the angular range 2.0° ≤ 2θ ≤ 56.9° at the MSPD beamline
 26

 of the 

ALBA Synchrotron (Cerdanyola del Vallès, Spain). A short wavelength 

of 0.45872 Å calibrated with Si NIST was selected by using a double 

Si(111) and Si(220) crystal monochromator. Background refinement was 

performed by linear interpolation, and data were corrected from 

absorption. 

Neutron powder diffraction data were collected for 12 h at room 

temperature on the high-intensity D20 diffractometer at the Institut Laue-

Langevin (ILL), France. In order to reduce the absorption from Eu, a 

double wall vanadium can was used as a sample holder, and a short 

wavelength of 1.37 Å at the high 118° take-off angle giving high 

resolution was chosen. The step scanning mode where the detector was 
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moved in 61 steps of 0.05° was chosen in order to compensate for the 

nonperfect calibration of the more than 3000 detector cells. Rietveld 

analysis was carried out using the program Fullprof.
27

 

Electron diffraction micrographs were obtained in a JEOL 1210 

transmission electron microscope operating at 120 kV using a side entry 

double tilt ±60°/±30° specimen holder. The samples were prepared by 

dispersing the powders in hexane and depositing a droplet of the 

suspension on a copper grid coated with a holey carbon film. The local 

microstructure of the samples was analyzed by means of scanning 

transmission electron microscopy (STEM) on a ThermoFisher Spectra 

300 operated at 300 kV. The high-angle annular dark field detector 

allows for recording incoherent Z-contrast images, in which the contrast 

of an atomic column is approximately proportional to the square of the 

average atomic number (Z). Accordingly, it is possible to distinguish 

between Ta and Eu. The experiments were performed in the Joint 

Electron Microscopy Center at ALBA (Cerdanyola del Vallès, Spain). 

Magnetic Measurements 

Magnetic measurements were performed at fields of 25 Oe and 10 kOe 

between 2 and 300 K using a Quantum Design SQUID magnetometer. 

Magnetization-field loops were measured between −70 and +70 kOe 

between 2 and 16 K. 
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3.2.3 Results and Discussion 

Synthesis and Structural Study of EuTaO2.37N0.63 and Eu3Ta3O3.66N5.34 

The synthesis of europium tantalum perovskite oxynitride samples is 

performed at high temperatures under N2/H2 (95%/5% v/v) or N2 gas, 

using one of the following solid-state reactions with one single treatment 

of 3 h at 1200 °C 

Eu2O3 + 2 TaON→ 2 EuTaO3−𝑥N𝑥 (1) 

(3−𝑦)/2 Eu2O3 + 𝑦 EuN + Ta3N5→ 3 EuTaO3−𝑥Nx (2) 

The reaction used, the proportions of the reactants, the selected gas, and 

the maximum synthesis temperature determined the average nitrogen 

content of the sample per Eu or Ta mol, which was tuned from x = 0.63 

to 1.78, and the phase composition. We have recently reported a similar 

synthetic approach for the preparation of LaTaON2 and slightly nitrogen-

deficient LaTaO1.12N1.88 that we investigated for their dielectric 

properties. 
28

 Both compounds were prepared either from LaN and TaON 

or from La2O3, LaN, and Ta3N5 at 1500 °C. In the EuTaO3–xNx samples, 

the syntheses performed at 1500 °C led to partial decomposition into 

TaN and Eu3TaO6 phases; hence, a lower temperature of 1200 °C was 

selected. 

Two different perovskite phases were isolated, with stoichiometries 

EuTaO2.37N0.63 (phase I) and Eu3Ta3O3.66N5.34 (phase II) that showed 

black and brown colors, respectively. The Eu/Ta ratios using EDX 

analysis were 0.93(6) for phase I and 0.94(10) for phase II, whereas the 
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errors in the nitrogen contents obtained by combustion analysis were 

±0.03 in both cases. The oxygen stoichiometry was calculated by 

difference, assuming that the total anion content was, respectively, three 

and six atoms per formula for phases I and II. EuTaO2.37N0.63 was 

prepared using reaction 1 in N2/H2 (95%/5% v/v) gas, which favored the 

reduction of the cations. The observed nitrogen content in this sample 

involved a decrease in the N/O ratio with respect to the initial 

composition (from 0.4 to 0.27). Considering the charge compensation, 

this stoichiometry is consistent with the presence of reduced Ta and Eu 

cations with the formal plausible composition 

Eu
2+

(Ta0.37
4+

Ta0.63
5+

)O2.37N0.63. The existence of 100% of europium in the 

divalent state agrees with the observed effective magnetic moment of this 

compound (see below), whereas the +4 oxidation state of tantalum has 

been suggested in other perovskite oxynitrides coexisting with the more 

stable Ta
5+

 cation.
28−30

 The electron diffraction patterns of 

EuTaO2.37N0.63 indicated a cubic perovskite cell of a ≃4.0 Å with the 

space group of aristotype Pm-3m (Figure 1). This result differs from our 

previously reported electron diffraction study of EuTaO2N prepared by 

ammonolysis, which showed additional reflections indicative of a 

tilted I2/m superstructure with a, b=√2 a0 and c =2 a0. 
2,20

 The perovskite 

Eu3Ta3O3.66N5.34 (phase II) was prepared with reaction 2 at the same 

temperature than EuTaO2.37N0.63, under N2 with y = 1.8 (initial ratio N/O 

of 3.78). The electron diffraction patterns of this phase showed a 3 

× a0 superstructure along one of the axes of the perovskite subcell 

(Figure 2) The reconstruction of the reciprocal lattice leads to a 

tetragonal cell with parameters a ≃ 4.04, c ≃12.08 Å and reflection 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#ueq1
javascript:void(0);
javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#ueq2
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conditions compatible with the space group P4/mmm. The study by 

electron diffraction of samples prepared using reaction 2 but starting with 

N/O ratios below 3.78 invariably led to the observation of a coexistence 

of two phases: the compound II and an additional perovskite phase, with 

symmetry I2/m and a, b=√2a0 and c=2a0, which is the same as previously 

reported for our EuTaO2N sample prepared by ammonolysis. 
20

 The

biphasic nature of these samples was also clearly observed in the 

laboratory X-ray diffraction patterns. 

Rietveld refinement of synchrotron X-ray diffraction data of 

EuTaO2.37N0.63 (Figure 3) was performed in the space group Pm-

3m with a = 4.02044(1) Å (V = 64.986 Å
3
), using a common temperature

factor for all atoms B = 0.818(2) Å
2
. The observed bond distances

are d(Eu–O,N) = 2.843 Å and d(Ta–O,N) = 2.010 Å. The cell parameter 

is close to that shown by EuTaO2N (a = 4.0217(2) Å) prepared by 

ammonolysis,
20

 indicating that the decrease in a caused by the lower

nitrogen content (r(N
3–

) = 1.46 Å vs r(O
2–

)=1.38 Å both for CN = IV) is

compensated by the increase induced by the presence of Ta
4+

 (r(Ta
5+

)=

0.64 Å, r(Ta
4+

)= 0.68 Å, both for CN = VI).
31 

The synchrotron X-ray powder diffraction of Eu3Ta3O3.66N5.34 (Figure 4) 

did not show clearly visible superstructure peaks of the triple cell, but a 

tetragonal splitting is observed for several reflections even at low angles, 

as well as significant broadening in all peaks with respect to the cubic 

compound EuTaO2.37N0.63 (see Figure 5). A Rietveld refinement in a 

tetragonal subcell with parameters a = 3.98994(2), c = 3.9968(5) Å and 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#ueq2
javascript:void(0);
javascript:void(0);
javascript:void(0);
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Figure 1. Electron diffraction patterns along the [100] and [1-10] axes of 

EuTaO2.37N0.63. 

 

Figure 2. Electron diffraction patterns along the [100] and [1-10] axes of 

Eu3Ta3O3.66N5.34. 

space group P4/mmm was performed with one position for Eu and Ta at 

sites 1d and 1a respectively, and two anion positions at 0, 1/2, 0 (2f site) 

and 0, 0, 1/2 (1b site). This led to poor agreement factors, with RBragg = 

8.45%, Rwp = 7.97%, and χ
2
 = 4.90. In contrast, the refinement performed 

using a triple perovskite structure model with parameters a = 

3.99610(2), c = 11.96238(9) Å in the space group P4/mmm and two 
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Figure 3. Rietveld fit to synchrotron X-ray powder diffraction pattern of 

EuTaO2.37N0.63 performed in space group Pm-3m with a = 4.02044(1) Å. The 

inset shows the high Q region enlarged (where Q = (4π sin θ)/λ). Agreement 

factors: RBragg = 3.73%, Rp = 4.76%, Rwp = 6.13%, χ
2
 = 4.03.

crystallographically independent sites for both Eu and Ta atoms (Figures 

4 and 6 and Table 1) showed significantly improved agreement factors, 

with RBragg = 5.64%, Rwp = 7.19%, and χ
2
 = 3.74. For the nitrogen and

oxygen atoms, we considered a statistical distribution in the four 

available sites, because the X-rays do not provide enough contrast 

between the two anions. In order to investigate the potential anion order, 

neutron diffraction data were acquired on a 380 mg sample prepared in 

the same conditions as Eu3Ta3O3.66N5.34, that showed close nitrogen 

content (1.91(3) atoms per perovskite unit), similar electron diffraction 

patterns, and refined parameters from X-ray diffraction a = 

3.98919(2), c = 12.00107(11) Å. These data clearly showed 
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superstructure peaks that were indexed in the triple perovskite unit cell. 

However, the large absorption cross-section of europium and the small 

sample mass strongly limited the quality of the data and prevented the 

extraction of reliable structural data from the Rietveld refinement. A Le 

Bail fit performed using the Fullprof program without introducing any 

structural model returned the refined parameters a = 4.0262(2) and c = 

12.0959(7) Å (Figure 7) The small deviations between the cell 

parameters obtained by neutron diffraction and X-ray diffraction for this 

sample are due to differences in the resolution and quality between the 

two sets of data, caused by the strong Eu absorption in neutron 

diffraction. 

The structural data in Table 1 show that the observed average bond 

distance around the europium atom at the 1d site (d(Eu2–O,N) = 3.090 

Å) is significantly larger than for Eu1 at the 2h site (2.711 Å). 

Considering charge compensation and the analyzed nitrogen 

stoichiometry of this sample (1.78 per Eu mol), phase II is formally 

mixed-valence Eu2.34
3+

Eu0.66
2+

Ta3O3.66N5.34. According to the structural 

data and the differences in the ionic radii between Eu
2+

 and 

Eu
3+

 (r Eu
3+

(CN IX) = 1.120 Å vs r Eu
2+

(CN IX) = 1.30 Å),
31

 the 

tripleperovskite structure is plausibly formed from two ordered A sites 

A1 and A2 with different charge and ratio 2:1, that show preferred 

occupancy by Eu
3+

 and Eu
2+

 respectively creating distinct anion 

environments. A recent example of mixed-valence europium tantalum 

oxynitride is the n = 2 Ruddlesden–Popper compound 

Eu
2+

Eu2
3+

Ta2O3N4 that shows, as Eu2.34
3+

Eu0.66
2+

Ta3O3.66N5.34, a larger 

javascript:void(0);
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Figure 4. Rietveld fit to synchrotron X-ray powder diffraction pattern of 

Eu3Ta3O3.66N5.34 performed in the P4/mmm space group with parameters a = 

3.99610(2), c = 11.96238(9) Å. The inset shows the high Q region enlarged. 

Figure 5. Synchrotron X-ray powder diffraction profiles in two 2θ regions of 

EuTaO2.37N0.63 and Eu3Ta3O3.66N5.34 are depicted in black and blue colors, 

respectively. 
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Figure 6. Structural model of the triple perovskite Eu3Ta3O3.66N5.34. 

Figure 7. Le Bail fit of neutron diffraction data for phase II (λ = 1.37 Å) 

indexed (inset) in a P4/mmm unit cell with parameters a = 4.0265(2) and c = 

12.0949(12) Å. Excluded regions correspond to peaks from the V sample 

holder. 
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proportion of Eu
3+

 related to Eu
2+

. In Eu
2+

Eu2
3+

Ta2O3N4, the Eu
2+

 and

Eu
3+

 cations order respectively in the rock-salt and in the perovskite-type

positions of the Ruddlesden–Popper structure.
13

 The unit-cell volumes of

the two europium tantalum perovskites EuTaO2.37N0.63 and  

Table 1. Summary of the P4/mmm Model for Eu3Ta3O3.66N5.34 Refined against 

Room Temperature Synchrotron X-ray Powder Diffraction Data Using λ= 

0.45872 Å
a,b,c 

atom site X y Z occupancy 

Eu1 2h 0.5 0.5 0.1690(2) 1 

Eu2 1d 0.5 0.5 0.5 1 

Ta1 2g 0 0 0.33464(15) 1 

Ta2 1a 0 0 0 1 

O1/N1 2g 0 0 0.1522(13) 0.4/0.6 

O2/N2 4i 0.5 0 0.2887(6) 0.4/0.6 

O3/N3 1b 0 0 0.5 0.4/0.6 

O4/N4 2f 0.5 0 0 0.4/0.6 

bond distance (Å) bond distance (Å) Bond distance (Å) 

Eu1-O1,N1 2.833(1) x4 Eu1-O2,N2 2.458(4) x4 Eu1-(O4,N4) 2.842(2) x4 

Eu2-O2,N2 3.222(6) x8 Eu2-O3,N3 2.826 x4 

Ta1-O1,N1 2.182(16)x 2 Ta1-O2,N2 2.072(2)x2 Ta1-O3,N3 1.978(2) x2 

Ta2-O1,N1 1.821(16)x 2 Ta2-O4,N4 1.998x4 

[a] Cell parameters: a = 3.99610(2), c = 11.96238(9) Å. V = 191.025(2) Å3. RBragg = 5.64%, Rwp = 

7.19%, χ2 = 3.74.

[b] Average bond distances (Å): Eu1–O,N 2.711; Eu2–O,N 3.090; Eu–O,N 2.90; Ta1–O,N 2.078;

Ta2–O,N 1.939. Bond angles (deg): Ta1-(O2,N2)-Ta1 149.2(3). 

[c] Estimated standard deviations in parentheses are shown once for each independent variable.

Isotropic thermal parameters were refined to B = 0.657(3) Å2 for all sites. 

Eu3Ta3O3.66N5.34 are VI = 64.986 Å
3
 and VII = 191.025(2) Å

3
 respectively,

which after normalizing to the cubic perovskite subcell (64.986 and 

63.675 Å
3
 respectively) show a decrease with increasing the nitriding

degree. This is a consequence of the oxidation of the cations that 

javascript:void(0);
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overcompensates the increase caused by the larger radius of N
3–

 compared to O
2–

. 

Figure 8a shows a high-resolution Z-contrast image of a 

Eu3Ta3O3.66N5.34 grain viewed along the [100] zone axis. The Fourier 

Transform (FT) of the image clearly shows the superstructure peaks of 

the triple cell (indicated by a red bracket).  Figure 8b displays a higher-

resolution Z-contrast image with a magnified view of the superstructure. 

Notice that every three planes of Ta one is more intense, which allows us 

to identify and pinpoint the triple perovskite (see yellow arrows in Figure 

8b and the intensity profile along the c-axis shown in Figure 8c). This is 

due to the fact that this compound contains two types of Ta–O/N planes 

(see Figure 6), one with the anions perfectly aligned with Ta cations (Ta2 

positions) and another with the anions slightly above or below the Ta 

plane (Ta1 sites), ensuing slightly dimmer Ta atomic columns compared 

with the former ones. 

Magnetic Properties 

In Figure 9a–d, we summarize the magnetic properties of 

EuTaO2.37N0.63 (phase I) and Eu3Ta3O3.66N5.34 (phase II). As previously 

stated, according to the stoichiometric ratios, the charge balance is 

expected to be (I) Eu
2+

Ta0.63
5+

Ta0.37
4+

O2.37N0.63 and (II) 

Eu2.34
3+

Eu0.66
2+

Ta3
5+

O3.66N5.34. 

The temperature-dependent magnetic susceptibility χ(T) of phase I is 

expected to display Curie–Weiss (CW) behavior governed by the 

presence of Eu
2+

 (4f
7
 (

8
S)) ions having localized S = 7/2 spin. The  

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#fig8
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#fig8
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Figure 8. (a) High-resolution Z-contrast image of the Eu3Ta3O3.66N5.34 triple 

perovskite compound viewed along the [100] zone axis. The inset shows the 

Fourier Transform of the Z-contrast image, in which the extra Bragg stemming 

from the superstructure is indicated with a red bracket. (b) Atomic-resolution Z-

contrast image of Eu3Ta3O3.66N5.34 phase viewed along the [100] zone axis. 

Yellow arrows point to the more intense Ta–O/N planes. The inset shows a 

sketch of the Eu3Ta3O3.66N5.34 triple perovskite structure along the [100] zone 

axis. (c) Two unit-cell-averaged intensity profiles along the direction of the 

orange arrow are shown in (b). Ta, Eu, O, and N atoms are represented with 

blue, green/pink, red, and blue circles, respectively. 
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Figure 9. (a) Temperature dependence of the magnetic susceptibility recorded 

at 10 kOe (left axis) and the inverse susceptibility (right axis) of 

EuTaO2.37N0.63 and Eu3Ta3O3.66N5.34 together with the fitted values according 

to eqs 3 and 4, respectively. (b) Temperature dependence of the magnetic 

susceptibility recorded at a low magnetic field (25 Oe) after zero-field and field-

cooling (ZFC-FC) for the same compounds. The corresponding magnetization 

loops collected between 2 and 16 K are shown in (c,d). Inset in (c) is a zoom of 

the magnetization loop at 2 K in the low field (<400 Oe) region. 

presence of 5d
1
 electrons (Ta

4+
 ions) in a partially occupied broadband is 

expected to produce a marginal temperature-independent Pauli 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#eq1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#eq2
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paramagnetism that will add to any diamagnetic contribution. 

Accordingly, χ(T) is given by 

Phase I: 𝜒(𝑇) =
𝐶(𝐸𝑢2+)

(𝑇−𝜃𝐶𝑊)
+ 𝜒0  (3)     

magnetic interactions between the spins, eventually ordered at low 

temperature. χ0 contains temperature-independent paramagnetic and 

diamagnetic susceptibilities. If the 5d
1
 electrons are spin-polarized by the 

where C(Eu
2+

) is the corresponding Curie constant and θCW is the 

extrapolated Curie temperature that give a measure of the strength of the 

magnetic moments of Eu
2+

 ions, a departure from the χ(T) dependence 

described by eq 3 is expected. This has been observed for instance in 

Sr2FeMoO6,
 32

 where localized moments of 3d-Fe
2+/3+

 ions induce a spin 

polarization in the conduction band (4d-Mo
4+

). 

For Eu3Ta3O3.66N5.34 (phase II), the presence of localized moments at 

Eu
2+

 ions should produce a CW contribution to χ(T) as described above, 

of relative weight “nEu
2+

” combined with the temperature-dependent van 

Vleck contribution of the magnetic moment of Eu
3+

.
33, 34

 Notice that 

although Eu
3+

 in its ground state is nonmagnetic (
7
F0), thermal excitation 

to higher lying states (for instance the first one (
7
F1) is only at about 46 

meV 
33

 and shall produce a temperature-dependent magnetic 

susceptibility that will add to the Eu
2+

 contribution, of weight (1 – nEu
2+

), 

and to any diamagnetic contribution). Accordingly, the magnetic 

susceptibility per Eu ion can be expressed as 

Phase II: 𝜒(𝑇) = 𝑛𝐸𝑢2+
𝐶(𝐸𝑢2+)

(𝑇−𝜃𝐶𝑊)
+ (1 − 𝑛𝐸𝑢2+)𝜒𝐸𝑢3+(𝑇) +  𝜒0 (4)

 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#eq1
javascript:void(0);
javascript:void(0);
javascript:void(0);


High-Temperature Synthesis of Ferromagnetic Eu3Ta3(O,N)9 with a 

Triple Perovskite Structure 

111 

The magnetic susceptibility recorded at 10 kOe of these compounds 

displays roughly high-temperature CW behavior (Figure 9a, right axis), 

where some curvature can be readily appreciated more apparently for 

phase II than for phase I, as expected from eqs 3 and 4. 

Equation 3 and 4 have been used to fit the data for EuTaO2.37N0.63 and 

Eu3Ta3O3.66N5.34, respectively. The van Vleck contribution to the 

susceptibility of Eu
3+

 was computed using an excitation energy of 46

meV as given in ref 33. Continuous lines through the data in Figure 9a 

are the results of fitting  to the experimental χ(T) curves and the 

corresponding fitted parameters are listed in Table 2. 

Table 2. Parameters obtained from fittings to magnetic susceptibility data of 

EuTaO2.37N0.63 using eq. [3], and for Eu3Ta3O3.66N5.34 using eq. [4] by fixing 

𝜇eff
𝐸𝑢2+

= 2√
7

2

9

2
𝜇𝐵 = 7.94 𝜇𝐵 and 

𝜆
𝐸𝑢3+

𝑘𝐵
= 531.5 𝐾. 

𝒏𝑬𝒖𝟐+ eff (B) θCW (K) χ0 (emu/mol) 

EuTaO2.37N0.63 1 7.44 4.7 2.5·10-3 

Eu3Ta3O3.66N5.34 0.49 7.94 (fixed) 2.4 1.7·10-3 

Data in Table 2 reflect the dominating presence of Eu
2+

 ions in

EuTaO2.37N0.63. The extracted effective moment (μeff ≈ 7.44 μB/f.u.) 

compares well with the expected one (7.94 μB/f.u.) for Eu
2+

 (S = 7/2)

ions. The extracted θCW (≈4.7 K) implies that ferromagnetic order should 

be expected at around this temperature. Indeed, the magnetization data 

recorded under 25 Oe after zero-field and field-cooling processes (ZFC 

and FC), shown in Figure 9b, clearly display a hysteretic behavior, 

javascript:void(0);
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.3c02691#fig9


 

 

High-Temperature Synthesis of Ferromagnetic Eu3Ta3(O,N)9 with a 

Triple Perovskite Structure 

 

112 

 

developing around 7.5 K. The corresponding field-dependent 

magnetization loops measured at various temperatures are shown 

in Figure 9c.  The shape of the M(H) curves is consistent with a 

ferromagnetic ordering, with a saturation magnetization of about 6 μB, 

closely approaching the nominal 7 μB contribution from Eu
2+

 expected 

for Eu
2+

Ta0.63
5+

Ta0.37
4+

O2.37N0.63, and coinciding with the effective 

moment extracted from susceptibility curves in Figure 9a.  Detailed 

inspection of the low field range in the M(H) data taken at 2 K (Figure 9c  

(inset)) shows the presence of a minor hysteresis, again consistent with 

the ferromagnetic character of the sample. 

The magnetic data of the nitrogen-richer Eu3Ta3O3.66N5.34 sample reveals 

that the effective magnetic moment per Eu ion is largely suppressed and 

the Curie–Weiss temperature drops by about 50% down to ≈2.4 K. These 

observations are consistent with the larger fraction of the nonmagnetic 

Eu
3+

 ions as inferred from nEu
3+

 ≈ 0.51 (Table 2). The corresponding 

ZFC-FC data (Figure 9b) confirm that ferromagnetic order develops only 

at lower temperatures (≈3 K). The M(H) curves (Figure 9d) consistently 

reflect a dramatic reduction of the saturation magnetization (≈3.5 μB). 

The relative fraction of Eu
2+

 ions in the phase II sample deduced from 

susceptibility data in Figure 9a  (nEu
2+

 ≈ 0.49) is larger than expected 

from chemical analysis (nEu
2+

 ≈ 0.22). This difference could originate 

from the possible existence of anion vacancies, which have not been 

considered and would increase the proportion of Eu
2+

, as well as from the 

extreme simplification of eq 4.  For instance, a concentration of oxygen 

vacancies of 4.7% (0.42 atoms) would lead to nEu
2+

 = 0.5, involving an 
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increase of the fraction of this cation in both A1 and A2 sites of the triple 

perovskite structure. 

All in all, the magnetization data in Figure 9 allow us to conclude that by 

increasing the N/O ratio in europium tantalum perovskite oxynitrides, the 

magnetization reduces and the ferromagnetic ordering temperature 

lowers by the increasing contribution of the nonmagnetic Eu
3+

 in the

structure, that dilutes magnetic interaction among Eu
2+

 ions.

3.2.4 Conclusions 

A new high-temperature solid-state synthesis approach under N2 or 

N2/H2 gas at 1200 °C is used to obtain europium perovskite tantalum 

oxynitrides with a large range of nitrogen contents, starting with mixtures 

of Eu2O3 and TaON or Eu2O3, EuN, and Ta3N5. EuTaO2.37N0.63 prepared 

from Eu2O3 and TaON under N2/H2 shows a simple cubic Pm-

3m perovskite structure whereas the new, highly nitrided compound 

Eu3Ta3O3.66N5.34 is prepared from Eu2O3, EuN, and Ta3N5. 

Eu3Ta3O3.66N5.34 with formal stoichiometry 

Eu2.34
3+

Eu0.66
2+

Ta3O3.66N5.34 is a mixed-valence Eu
2+

/Eu
3+

 compound

with long-range order of europium ions in two A sites with different 

average charge and ratio 2:1, occupied preferentially by Eu
3+

 and

Eu
2+

 respectively, that generate well-differentiated coordination

environments. This order leads to a triple perovskite structure 

crystallizing in the P4/mmm space group with parameters a = a0, c = 3a0, 

where a0 is the parameter of the cubic perovskite subcell. The new 

perovskite is ferromagnetic with Tc ≈ 3 K and saturation magnetization of 
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≈3 μB, which are lower than for EuTaO2.37N0.63 (Tc ≈ 8 K, Ms ≈ 6 μB) 

because of the presence of Eu
3+

, which has a nonmagnetic ground state

and dilutes the magnetic interactions between the Eu
2+

 cations. These

findings increase the diversity of crystal structures in the field of 

perovskite oxynitrides and demonstrate that the synthesis from mixtures 

of binary nitrides and oxides is very effective in tuning their nitriding 

degree when cations in different oxidation states can be present by 

controlling the N/O ratio in the reactants. The same synthetic approach 

could be extended to other perovskite oxynitrides, potentially leading to 

new structures and physical properties by expanding the accessed anion 

compositions of the compounds prepared by ammonolysis. 
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Abstract: The new compounds R2TaO4–xNx with R = La, Ce, Nd, and Eu 

and 1.20 ≤ x ≤ 2.81 have been obtained by a solid-state reaction between 

metal nitrides and oxides or oxynitrides under N2 gas at temperatures 

between 1200 and 1700 °C. They are the first examples of rare earth 

transition metal oxynitrides with an n = 1 Ruddlesden–Popper structure 

and show different anion stoichiometries, crystal structures, and magnetic 

properties. Synchrotron X-ray powder diffraction and electron diffraction 

indicate that the lanthanum, cerium, and neodymium compounds 

crystallize in the orthorhombic space group Pccn, with cell 

parameters a = 5.72949(2), b = 5.73055(5), and c = 12.77917(6) Å for 

La2TaO1.31N2.69, a = 5.70500(5), b = 5.71182(4), and c = 12.61280(7) Å 

for Ce2TaO1.19N2.81, and a = 5.70466(3), b = 5.70476(5), and c = 

12.32365(5) Å for Nd2TaO1.46N2.54. In contrast, Eu2TaO2.80N1.20 shows a 

tetragonal I41/acd superstructure doubling the c axis, with parameters a = 

5.71867(2) and c = 25.00092(19) Å. Refinement of neutron powder 

diffraction data of Ce2TaO1.19N2.81 indicated the nitrogen order in the two 

equatorial positions of the tantalum octahedron, with refined N/O 

occupancies of 0.930(7)/0.070 and 0.876(13)/0.124, and the axial 

position is occupied by 50% of each anion. This anion ordering agrees 

with the distribution predicted by Pauling’s second crystal rule. 

Magnetization measurements show that the cerium and europium 

compounds are ordered magnetically at low temperatures, while the 

neodymium compound remains paramagnetic down to 2 K, as a 

consequence of suppression of the effective magnetic moment of the 

latter when reducing the temperature. 
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4.1 Introduction 

Perovskite oxynitrides have been widely investigated in the last two 

decades because of their notable applications as electronic and 

photocatalytic materials. The strategy for finding new properties is based 

on the lower electronegativity of nitrogen compared to that of oxygen, 

which induces changes in the electronic structures and increases the 

covalency of bonds with the metals. Additionally, the larger electrical 

charge of the anion N
3–

 compared to O
2–

 allows the formation of phases 

with new combinations of cations that show oxidation states different 

than in the analogous oxides. The majority of known compounds are 

pseudocubic simple perovskites derived from the Pm-3m aristotype, of 

the general formula ABO3–xNx with A = alkaline earth or rare earth metal 

and B = early transition metal, showing different crystal symmetries 

induced by octahedral tilting and the anion order.
1
 Important examples of 

materials are nontoxic pigments La1–xCaxTaO1+xN2–x,
2
 EuNbO2N and 

EuWO1+xN2–x with colossal magnetoresistance at low 

temperatures, 
3,4

 BaTaO2N and SrTaO2N with high dielectric 

constants,
5
 and several tantalum perovskites with photocatalytic activity 

in water splitting.
6,7

 

There are few reported perovskite oxynitrides with complex structures. 

Examples of double and triple perovskites are 

Sr2FeMoO4.9N1.1,
8
 Sr2FeWO5N,

9
 La2MnTaO5N,

10
 and Eu3Ta3O3.66N5.34, 

11
 all of them showing magnetic ordering at low temperatures. Polar 

BaWON2 is the only known example of a hexagonal 

perovskite.
12

 Layered, Ruddlesden–Popper
13

 perovskite oxynitrides 
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(AX)(ABX3)n (X = O, N) were first reported by R.Marchand and co-

workers for the n = 1 members Sr2TaO3N, Ba2TaO3N,
14

 and R2AlO3N (R 

= La, Nd, Sm).
15

 We prepared the n = 1 and 2 members of the series 

(SrO)(SrNbO2N)n, with the compositions Sr2NbO3N and Sr3Nb2O5N2, 

respectively,
16

 and the n = 2 compound Eu3Ta2O3N4 has been recently 

reported.
17

 

Rare earth perovskite oxynitrides are known for the transition metals Cr, 

Ti, Zr, Hf, V, Nb, Ta, and W, and they have been mostly investigated for 

their electronic and photocatalytic properties. RCrO3–xNx (R = La, Pr, and 

Nd) perovskites show antiferromagnetic coupling of Cr
3+

/Cr
4+

 spins with 

Neel temperatures from 285 to 214 K.
18

 Vanadium perovskites with R = 

La and Pr show spin freezing transitions at low 

temperatures.
19

 EuTaO2N, EuNbO2N,
3
 and EuWO1+xN2–x 

4
 are 

ferromagnetic with Tc values between 5 and 12 K because of Eu
2+

 spin 

ordering. LaTiO2N 
20

 and RHfO2N 
21

 (R = La, Nd, Sm) compounds are 

visible light-active photocatalysts in water oxidation and reduction, 

whereas LaTaON2, in addition to a photocatalyst for water splitting, 
22

 is 

a high-dielectric permittivity material.
23

 

In this paper, we report the synthesis, crystal structures, and magnetic 

properties of the new compounds R2TaO4–xNx (R = La, Ce, Nd, and Eu) 

that are the first examples of transition metal n = 1 Ruddlesden–Popper 

oxynitrides with a rare earth cation at the A sites. These oxynitrides can 

be stabilized by using a high-temperature synthesis method under N2, 

starting with a mixture of metal nitrides and oxides. The obtained anion 

stoichiometries indicate reduction of the cations during synthesis and are 
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determined by the stable oxidation states of tantalum (Ta
4+

, Ta
5+

) and the

rare earth cations (La
3+

, Ce
3+

, Nd
3+

, and Eu
2+

/Eu
3+

) under the preparative

conditions. The anion distribution is investigated by neutron diffraction 

for Ce2TaO1.19N2.81, showing the order of nitrides at the equatorial sites 

of the octahedra, whereas the axial positions are occupied by 50% of 

each anion. The cerium and europium compounds develop low-

temperature (<10 K) magnetic ordering, while the Nd compound is 

paramagnetic down to 2 K. The striking differences between the 

magnetic behaviors of the Ce
3+

, Nd
3+

, and Eu
2+

/Eu
3+

 compounds are

rationalized in terms of the distinct role that crystal field effects and 

exchange interactions play in determining the singlet or triplet ground 

state of the rare earth cations. 

4.2 Experimental Methods 

Synthesis and Chemical Characterization 

Samples of 100 to 200 mg of R2TaO4–xNx (R = La, Ce, Nd, Eu) 

compounds were prepared by a solid-state reaction under N2 gas (Air 

Liquide, 99.9999%) at temperatures between 1200 and 1700 °C, starting 

from mixtures with different proportions of RN, R2O3, Ta3N5, and TaON, 

while keeping the stoichiometric ratio R/Ta of 2:1. La2TaO1.31N2.69 was 

prepared starting with LaN and Ta3N5 (Alfa Aesar 99.9%) in a molar 

ratio of 6:1 at 1700 °C, Ce2TaO1.19N2.81 was prepared from CeN, Ta3N5, 

and TaON in a molar ratio of 6:0.375:1.875 at 1500 °C, 

Nd2TaO1.46N2.54 was prepared from Nd2O3(Aldrich 99.99%), NdN (Alfa 

Aesar 99.9%), and Ta3N5 at 1500 °C with a ratio of 0.05:1.9:0.33, and 
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Eu2TaO2.80N1.20 was obtained from Eu2O3 (Sigma-Aldrich 99.9%), EuN 

(Materion, 99.9%), and Ta3N5 in a ratio of 0.85:0.30:0.33 at 1200 °C. 

The proportion of the reactants determining the O/N ratio in the initial 

mixture and the maximum synthesis temperature were optimized from 

several syntheses performed for each compound, until the sample was a 

single phase from laboratory X-ray diffraction. CeN was obtained by 

treatment under N2 of Ce chips (Strem 99.9%) at 1000 °C. Ta3N5 was 

obtained from Ta2O5 (Sigma-Aldrich 99.99%) by treatment under 

NH3 (Carburos Metálicos 99.9%) at 880 °C using a flow rate of 600 

cm
3
/min and several treatments of 15 h with intermediate regrinding. 

TaON was prepared by a similar procedure but using a flow rate of 40 

cm
3
/min and two treatments of 3 h with intermediate regrinding. 

Nd2O3 and Eu2O3 were treated at 900 °C under a dynamic vacuum of 1 × 

10
–3

 Torr for dehydration. Handling, mixing, and pelletizing of the 

reactants were performed inside a glovebox under recirculating Ar. The 

samples were placed in molybdenum crucibles covered by Zr foil that 

was also placed in a second molybdenum crucible in order to scavenge 

oxygen and water from the N2 gas. The reaction tube was evacuated to 

10
–3

 Torr and purged several times with N2 before starting the thermal 

cycle. This consisted of a single treatment of heating at 300 °C/h up to 

the maximum temperature that was kept for 3 h, with further natural 

cooling to room temperature. 

Nitrogen contents were determined by combustion analysis performed in 

a Thermo Fisher Scientific instrument, heating the samples in oxygen up 

to 1060 °C and using MgO, WO3, and Sn as additives and atropine as a 

reference standard. EDX analyses of cation contents were performed in a 
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FEI Quanta 200 FEG microscope equipped with an EDAX detector with 

an energy resolution of 132 eV. The analyses were performed on 10–15 

crystallites for each sample. 

Structural Characterization 

Laboratory powder X-ray diffraction was used for controlling the purity 

of the samples during the synthesis. Data were acquired on a Panalytical 

X′Pert Pro MPD diffractometer using Cu Kα radiation (λ = 1.5418 Å) 

and on a Bruker D8 Advance A25 diffractometer in a Debye–Scherrer 

configuration with Mo Kα1 radiation (λ = 0.7093 Å) using capillary 

samples (0.3 mm diameter). High-angular resolution synchrotron X-ray 

powder diffraction data were collected at room temperature from 

capillary samples in the angular range of 2.0° ≤ 2θ ≤ 56.9° at the MSPD 

beamline 
24

 of the ALBA Synchrotron (Cerdanyola del Vallès, Spain), 

using 30 keV energy that resulted in exact wavelengths of 0.4137, 0.4139 

and 0.4142 Å as determined by refining the SRM640d NIST Si standard. 

Neutron powder diffraction was used to determine the anion distribution 

in Ce2TaO1.19N2.81. Data on a 80 mg sample were collected for 19 h at 

room temperature on the high-intensity D20 diffractometer at the Institut 

Laue-Langevin (ILL), France, using a vanadium can as a sample holder. 

The pattern was measured in scanning mode with a short wavelength of 

1.37 Å created by using 118° takeoff angle, giving high resolution. 

Rietveld analysis was carried out using the program 

Fullprof.
25

 Background refinement was performed by linear interpolation, 

and data were corrected from absorption. 
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Electron diffraction micrographs were obtained in a JEOL 1210 

transmission electron microscope operating at 120 kV using a side entry 

double tilt ±60°/±30° specimen holder. The samples were prepared by 

depositing the powder on a copper grid coated with a holey carbon film. 

Magnetic Measurements 

Magnetic measurements were performed at fields of 25 and 10 kOe 

between 2 and 300 K using a Quantum Design SQUID magnetometer. 

Magnetization field loops were measured between −70 and +70 kOe 

between 2 and 16 K. 

4.3 Results and Discussion 

Synthesis and Crystal Structures of R2TaO4–xNx Compounds 

The synthesis of new rare earth tantalum n = 1 Ruddlesden–Popper 

compounds was performed using the reactions at high temperature under 

N2 

(3−𝑦)R2O3 + 2𝑦RN + Ta3N5 → 3 R2TaO4−𝑥𝑁𝑥 for R = La, Nd and Eu (1), and 

2RN + 1/8Ta3N5 + 5/8TaON → R2TaO4−𝑥N𝑥 for R=Ce                  (2) 

The best samples of La, Nd, and Eu were obtained for y = 3, 2.85, and 

0.45, respectively. In the case of cerium, we used TaON as an oxygen 

source because Ce2O3 is not easily available commercially. This 

synthetic route is similar to that used for the preparation of the rare earth 

perovskites LaTaON2, 
23

 EuTaO2.37N0.63, and Eu3Ta3O3.66N5.34 
11

 that we 
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have recently reported and produces samples of high crystallinity with 

short reaction times. The rare earth perovskite oxynitrides are commonly 

prepared under NH3 at temperatures below 1000 °C, starting with oxide 

precursors such as scheelites because the rare earth binary oxides are 

poorly reactive in these conditions.
26

 R2O3 reactants have been used for 

the synthesis of few compounds under NH3 but in the presence of fused 

salts that increase the kinetics of the nitridation 
27

 or in high-pressure 

conditions.
28

 The combination of rare earth nitrides, RN, with different 

proportions of oxides and nitrides allows one to change the 

nitrogen/oxygen ratio in the initial mixture up to avoiding or minimizing 

the impurity phases. These are frequently formed in the synthesis of 

nitrides at high temperatures because of the presence of oxygen or water 

around the sample. 

The black-colored R2TaO4–xNx samples were prepared at different 

temperatures optimized in each case, from 1200 °C for R = Eu to 1700 

°C for R = La, and showed analyzed nitrogen contents of 2.69(3), 

2.81(3), 2.54(3), and 1.20(3) atoms per formula for R = La, Ce, Nd, and 

Eu, respectively. In all cases, these contents were below the nitrogen 

stoichiometry in the mixture of reactants (3, 3.25, 3.56, and 1.96 for La, 

Ce, Nd, and Eu samples, respectively), indicating the incorporation of 

extra oxygen in the samples during synthesis. Nitrogen loss at high 

temperatures has been observed in other tantalum perovskites such as 

SrTaO2N 
29

 and LaTaON2 
23

 and has been interpreted as a decomposition 

reaction releasing N2 with partial reduction of Ta
5+

 to Ta
4+

, analogous to 

the oxygen loss of transition metal oxides at high temperatures that 

produces reduced oxides together with O2.
30

 The corresponding cation 
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ratios determined by EDX were La/Ta = 1.82(17), Ce/Ta = 1.81(10), 

Nd/Ta = 1.77(17), and Eu/Ta = 1.89(15), which agree with the nominal 

compositions within the experimental error. The oxygen stoichiometries 

were calculated by difference, assuming that the total anion content was 

four atoms per formula, resulting in La2TaO1.31N2.69, Ce2TaO1.19N2.81, 

Nd2TaO1.46N2.54, and Eu2TaO2.80N1.20. Considering charge compensation 

and the trivalent oxidation state for the rare earth cations, the nitrogen 

deficiency with respect to the ideal R2TaON3 composition in the La, Ce, 

and Nd compounds would result in a proportion of Ta
4+

 of 31, 19, and 

46%, respectively. Compared with the other rare earth compounds, the 

observed N content in Eu2TaO2.80N1.20 indicates that europium is 

dominantly divalent, which is consistent with the observed structural data 

and the magnetic properties (see below). In the synchrotron X-ray 

powder diffraction patterns of lanthanum, neodymium, and europium 

samples, we detected the perovskite-phase RTaON2 with the respective 

amounts of 6.6, 5.1, and 1.9% (w/w) as determined from Rietveld 

refinement. 

The electron diffraction patterns of the compounds La2TaO1.31N2.69, 

Ce2TaO1.19N2.81, and Nd2TaO1.46N2.54 showed additional reflections to 

those expected for the I4/mmm space group of the K2NiF4 aristotype (see 

Figures 1, S1, and S2) indicative of a tilted superstructure with 

parameters √2a0 × √2a0 × c0 (where a0 and c0 are the parameters of 

the I4/mmm cell). The reconstruction of the reciprocal lattice led to an 

orthorhombic cell with parameters a, b ≃ 5.7 Å and the respective c axis 

of 12.89, 12.60, and 12.53 Å for R = La, Ce, and Nd, with the observed 
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reflection conditions consistent with the space group Pccn (No. 56) (hk0, 

h+k = 2n; h0l, l = 2n; 0kl, l = 2n; h00, h = 2n; 0k0, k = 2n; 00l, l = 2n). 

This space group corresponds to a tilted n = 1 Ruddlesden–Popper 

structure with out-of-phase rotations around the a and b axis, notated as 

ϕ1 ϕ2 0 for the first layer of octahedra and ϕ2 ϕ1 0 for the second layer of 

octahedra at the origin and body center of the I4/mmm parent cell, and no 

rotation around the c axis.
31,32

 In contrast, the compound 

Eu2TaO2.80N1.20 showed an additional superstructure along the c axis 

doubling c0, with cell parameters a = 5.72 Å and c = 24.99 Å(Figure 2). 

The electron diffraction planes indicated reflection conditions compatible 

with the space group I41/acd, which has been reported for 

K2NiF4 compounds including Sr2IrO4.
33

 Weak additional reflections were 

also observed that could be indexed in a larger cell, with a = 8.15 Å 

and c = 24.99 Å. Rietveld refinement of synchrotron X-ray diffraction 

data was performed in the Pccn space group for the La, Ce, and Nd 

compounds (Figures 3, 4, and 5 and Tables 1, 2, and S1, respectively) 

and led the cell parameters a = 5.72949(2), b = 5.73055(5), and c = 

12.77917(6) Å for La2TaO1.31N2.69, a = 5.70500(5), b = 5.71182(4), 

and c = 12.61280(7) Å for Ce2TaO1.19N2.81, and a = 5.70466(3), b = 

5.70475(5), and c = 12.32365(5) Å for Nd2TaO1.46N2.54.  

The refinement of the crystal structure of Eu2TaO2.80N1.20 from 

synchrotron X-ray diffraction data was performed in the space 

group I41/acd starting with the atomic coordinates of Sr2IrO4 
33

 and led to  
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Figure 1. Selected electron diffraction patterns of Ce2TaO1.19N2.81. Yellow 

circles indicate multiple diffraction reflections. 

 

 

 

 

 

 

Figure 2. Selected electron diffraction patterns of Eu2TaO2.80N1.20 with 

reflections indexed in the tetragonal cell with a ≃ 5.7 and c ≃ 25 Å. Yellow 

circles indicate multiple diffraction reflections. 
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the cell parameters a = 5.71867(2) and 25.00092(19) Å (√2a0 × √2a0 × 

2c0) (Figures 7 and 8, Table 3). 

Table 1. Summary of the Pccn Model Refined against Room-Temperature 

Synchrotron Powder X-ray Diffraction Data for La2TaO1.31N2.69 (λ = 0.4137 

Å)
a,b 

atom site x y z B (Å2) occupancy 
La 8e 0.4965(7) 0.0043(6) 0.1419(5) 0.735(14) 1 
Ta 4a 0 0 0 1.000(18) 1 

O1/N1 8e 0.0185(13) 0.0600(6) 0.16527(18) 0.401(16) 0.33/0.67 
O2/N2 4c 0.25 0.25 0.4761(5) 0.401 0.33/0.67 
O3/N3 4d 0.25 0.75 –0.0065(4) 0.401 0.33/0.67 

bond distance (Å) bond distance (Å) Bond distance (Å) 

Ta–O1,N1 2.142(2) × 2 Ta–O2,N2 2.049(1) × 2 Ta–O3,N3 2.0276(2) × 2 

La–O1,N1 2.495(3) La–O1,N1 2.516(5) La–O1,N1 2.773(8) 

La–O1,N1 3.023(8) La–O1,N1 3.249(5) La–O2,N2 2.551(5) 

La–O2,N2 2.910(5) La–O3,N3 2.662(4) La–O3,N3 2.778(4) 

[a]Refined cell parameters and agreement factors are a = 5.72949(2), b = 5.73055(5), and c = 

12.77917(6) Å. V = 419.580(4) Å3. RBragg = 3.46% and Rwp = 7.16%.

[b]The O/N occupancies were fixed to a statistical distribution considering the chemical analysis.

The temperature factors were common for the three anions sites. Average bond distances: Ta–O,N 

2.073 Å and La–O,N 2.773 Å. 

https://pubs.acs.org/doi/full/10.1021/acs.chemmater.4c00533#t1fn1
https://pubs.acs.org/doi/full/10.1021/acs.chemmater.4c00533#t1fn2
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Table 2. Summary of the Pccn Model Refined against Room-Temperature 

Synchrotron X-ray Powder Diffraction Data for Nd2TaO1.46N2.54 (λ = 0.4139 

Å)
a,b

 

atom site x y z B (Å2) occupancy 

Nd 8e 0.5118(4) –0.00580(8) 0.14307(3) 0.868(2) 1 

Ta 4a 0 0 0 1.039(10) 1 

O1/N1 8e –0.047(4) –0.049(4) 0.1774(7) 1.41(13) 0.37/0.63 

O2/N2 4c 0.25 0.25 0.5277(7) 1.41 0.37/0.63 

O3/N3 4d 0.25 0.75 –0.013(3) 1.41 0.37/0.63 

bond distance (Å) bond distance (Å) bond distance (Å) 

Ta–O1,N1 2.220(9) × 2 Ta–O2,N2 2.046(3) × 2 Ta–O3,N3 2.023(3)(×2) 

Nd–O1,N1 2.259(10) Nd–O1,N1 2.56(2) Nd–O1,N1 2.58(2) 

Nd–O1,N1 3.20(3) Nd–O1,N1 3.23(3) Nd–O2,N2 2.526(12) 

Nd–O2,N2 2.866(15) Nd–O3,N3 2.56(2) Nd–O3,N3 2.81(3) 

[a]Refined cell parameters and agreement factors: a = 5.70466(3), b = 5.70475(5), and c =

12.32365(5) Å. V = 401.056(4) Å3. RBragg = 4.74% and Rwp = 9.19%.

[b]The O/N occupancies were fixed to a statistical distribution considering the chemical analysis.

The temperature factors were common for the three anions sites. Average bond distances: Ta–O,N 

2.096 Å and Nd–O,N 2.732 Å. 

For the refinement of the La and Nd compounds, we fixed a statistical 

distribution of nitrogen and oxygen in the three available anion sites 

because the X-rays do not provide enough contrast between the two 

anions. For Ce2TaO1.19N2.81, we used and fixed the occupancies obtained 

from the refinement of neutron diffraction data (see the next section). 

The structural model of this compound is shown in Figure 6. 

https://pubs.acs.org/doi/full/10.1021/acs.chemmater.4c00533#t2fn1
https://pubs.acs.org/doi/full/10.1021/acs.chemmater.4c00533#t2fn2
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Figure 3. Rietveld fit to the synchrotron X-ray powder diffraction pattern of 

La2TaO1.31N2.69 performed in the space group Pccn with parameters a = 

5.72949(2), b = 5.73055(5), and c = 12.77917(6) Å. Upper and lower reflection 

markers are, respectively, for La2TaO1.31N2.69 and LaTaON2.
23

Figure 4. Rietveld fit to the synchrotron X-ray powder diffraction pattern of 

Ce2TaO1.19N2.81 performed in the space group Pccn with cell parameters a = 

5.70500(5), b = 5.71182(4), and c = 12.61280(7) Å. 
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Figure 5. Rietveld fit to the synchrotron X-ray powder diffraction pattern of 

Nd2TaO1.46N2.54 performed in the space group Pccn with cell parameters a = 

5.70466(3), b = 5.70475(5), and c = 12.32366(5) Å. Upper and lower reflection 

markers are, respectively, for Nd2TaO1.46N2.54 and NdTaON2. 

Figure 6. (a) Crystal structure of Ce2TaO1.19N2.81 determined from neutron 

powder diffraction data. Thermal ellipsoids of the anions are shown at 50% 

probability. The refined N/O population (%) is indicated for each anion site. (b) 

Projection along 110 showing the tilting of the Ta octahedra. 
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As in the refinements of the La and Nd compounds, we fixed a statistical 

distribution of nitrogen and oxygen in the available anion sites because 

the X-rays do not provide enough contrast between the two anions. 

Attempts to refine a model with the larger cell of a = 8.15 and c = 24.99 

Å observed by electron diffraction led to chemically inconsistent bond 

distances and angles. In the I41/acd model, the doubling of 

the c0 parameter results from a sequence of tilts along the c axis (θ tilts) 

that repeats every four layers of octahedra (Figure 8).
31

 The cell volume 

of this compound normalized to a √2a0 × √2a0 × c0 cell is 408.805 Å
3
, 

that is larger than for Nd2TaO1.46N2.54 (401.056(4) Å
3
) as a consequence 

of the divalent state of Eu
2+

, with a larger ionic radius than that of 

Nd
3+

 (for CN = IX, r(Eu
2+

) = 1.30 Å and r(Nd
3+

) = 1.163 Å).
34

 The cell 

volumes of the La (419.580(4) Å
3
) and Ce (411.000(5) Å

3
) compounds 

are significantly larger than for the Nd phase, as expected from the ionic 

radii of R
3+

 cations.
34

 The Goldschmidt tolerance factors (t) for the four 

phases have been calculated from the ionic radii considering the formal 

compositions La2
3+

Ta0.31
4+

Ta0.69
5+

O1.31N2.69, 

Ce2
3+

Ta0.19
4+

Ta0.81
5+

O1.19N2.81, Nd2
3+

Ta0.46
4+

Ta0.54
5+

O1.46N2.54, and 

Eu1.80
2+

Eu0.20
3+

TaO2.80N1.20, leading to the values of 0.904 (La), 0.896 

(Ce), 0.886 (Nd), and 0.930 (Eu), respectively. The larger t of the 

europium compound, together with the lower nitride content of this phase 

and an expected distinct anion ordering (see the next section), may 

account for its different crystal symmetry compared with the other rare 

earth derivatives. 
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Figure 7. Rietveld fit to the synchrotron X-ray powder diffraction pattern of 

Eu2TaO2.80N1.20 performed in the space group I41/acd with cell parameters a = 

5.71867(2) and c = 25.00092(19) Å. Upper and lower reflection markers are, 

respectively, for Eu2TaO2.80N1.20 and EuTaO2N. 

Figure 8. (a) Crystal structure of Eu2TaO2.80N1.20 determined from synchrotron 

powder X-ray diffraction data. The nitride and oxide anions are depicted as gray 

and red spheres, respectively, and are distributed statistically in the X1 and X2 

sites with proportions according to the chemical analysis. (b) Projection along c 

of the two central layers of the unit cell, showing the tilting of the Ta octahedra. 
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Table 3. Summary of the I41/acd Model Refined against Room-Temperature 

Synchrotron X-ray Powder Diffraction Data for Eu2TaO2.80N1.20 (λ= 0.4142 Å)
a,b 

atom site x y z B (Å2) occupancy 
Eu 16d 0 0.25 0.552190(18) 0.686(10) 1 
Ta 8ª 0 0.25 0.375 0.922(15) 1 

O1/N1 16d 0 0.25 0.4564(3) 2.816 0.70/0.30 
O2/N2 16f 0.232(2) 0.482(2) 0.125 2.816 0.70/0.30 

bond distance (Å) bond distance (Å) 

Ta–O1,N1 2.035(8) × 2 Ta–O2,N2 2.027(11) × 4 

Eu–O1,N1 2.395(8) Eu–O1,N1 2.867(1) × 4 

Eu–O2,N2 2.830(9) × 2 Eu–O2,N2 2.614(8) × 2 

aRefined cell parameters and agreement factors are a = 5.71867(2) and c = 25.00092(19) Å. V = 

817.609(8) Å3. RBragg = 4.19% and Rwp = 10.5%.

bIsotropic thermal parameters of the anions were fixed to 2.816 Å2. O/N occupancies were fixed 

to a statistical distribution considering the chemical analysis. Average bond distances: Ta–O,N 

2.030 Å and Eu–O,N 2.750 Å. 

Neutron Diffraction Study of Ce2TaO1.19N2.81: Anion Order and the 

Prediction of Pauling’s Second Crystal Rule in n = 1 Ruddlesden–

Popper Oxynitrides 

The refinement of neutron diffraction data of Ce2TaO1.19N2.81 (Figure 9) 

was performed starting with a random distribution of nitrogen and 

oxygen in the three anion positions of the Pccn model, considering full 

occupancy in all sites and constraining the total content of each anion to 

the composition determined by chemical analysis. The refined N/O 

populations for the two equatorial sites were 93/7 (X2) and 88/12 (X3), 

whereas the obtained occupancies of the axial site X1 were 50% for each 

anion (Figure 6 and Table 4). This anion distribution shows a near-100% 

order of the nitride anions at the equatorial sites of the tantalum 

octahedra. The bond distances for these positions were significantly 

https://pubs.acs.org/doi/full/10.1021/acs.chemmater.4c00533#t3fn1
https://pubs.acs.org/doi/full/10.1021/acs.chemmater.4c00533#t3fn2
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shorter (d(Ta-X2) = 2.0504(3) Å, d(Ta-X3) = 2.0346(2) Å) than for the 

axial site (d(Ta-X1) = 2.1855(19) Å). The elongation of the octahedra 

along the c direction is an indication of the observed anion order, as the 

axial sites are occupied by 50% O/50% N, and the covalent character of 

metal–oxygen bonds is lower than for metal–nitrogen bonds. The large 

thermal parameter observed for the axial site is indicative of the O/N 

disorder in this position(see Figure 6). Shorter bond M–N distances 

compared to M–O bonds have been also observed in the hexagonal 

perovskite BaWON2 
12

 that shows the total order of N and O in corner-

sharing positions and face-sharing positions of the W
6+

 octahedra. The 

observed anion order in Ce2TaO1.19N2.81 is different from that previously 

reported in n = 1 Ruddlesden–Popper oxynitrides as a consequence of its 

larger nitrogen content and higher charge of the A cation. In the less 

nitrided alkaline earth compounds Sr2TaO3N,
35,36

 Ba2TaO3N,
36

 and 

Sr2NbO3N 
37

 crystallizing in the I4/mmm space group, the nitride anions 

also prefer the equatorial sites of the octahedra, but the N/O population 

for these positions is 50/50, whereas the axial sites are fully occupied by 

oxygen. These anion distributions agree with the prediction of Pauling’s 

second crystal rule (PSCR),
38,39

 which states that the electric charge of 

each anion (q) tends to compensate the strength of the electrostatic 

valence bonds from the cations, according to the equation 𝑏 = ∑
𝑧𝑖

𝑣𝑖
𝑖 , 

where zi is the electric charge of each cation bonded to a given anionic 

position and νi is its coordination number. The b values for the equatorial 

and axial positions in A2BO3N compounds (A = Sr
2+

, Ba
2+

; B = Nb
5+

, 

Ta
5+

) are 2.55 and 1.94, respectively, in close agreement with the charge 

of the anions occupying these sites (q = −2.5 and −2)
37,39

 using the 
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determined distributions from neutron diffraction. For ideal 

R2TaON3 compounds, the trivalent rare earth cations increase the 

calculated sums for the equatorial and axial sites to 3 and 2.5, 

respectively. In Ce2TaO1.19N2.81, considering 19% of Ta
4+

 and 81% of 

Ta
5+

, the calculated sums are 2.94 and 2.47 for the equatorial and axial 

sites, respectively, and the observed anion distribution leads to q = −2.93, 

– 2.88, and −2.5 for X2, X3, and X1 positions, respectively, in excellent 

agreement with the prediction of PSCR. A similar anion ordering can be 

expected for the other trivalent rare earth derivatives reported in this 

work, La2TaO1.31N2.69 and Nd2TaO1.46N2.54. However, for 

Eu2TaO2.80N1.20, the PSCR-predicted distribution is the same as for the 

alkaline earth oxynitrides because the europium in this compound is 

essentially divalent, as the alkaline earth cations. Hence, the expected 

anion populations at the axial sites would be 50/50 for 

La2TaO1.31N2.69 and Nd2TaO1.46N2.54, whereas for Eu2TaO2.80N1.20, 100% 

O occupancy is expected for the same positions. For the analyzed anion 

compositions in each compound, the expected populations at the 

equatorial sites would be, respectively, O/N 15/85, 23/77, and 40/60 for 

the La, Nd, and Eu compounds. Future neutron diffraction experiments 

are planned to corroborate these predictions. 
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Figure 9. Rietveld fit to the neutron powder diffraction pattern of 

Ce2TaO1.19N2.81 performed in the space group Pccn with cell parameters a = 

5.75284(19), b = 5.75620(15), and c = 12.71338(18) Å. 

Table 4. Summary of the Pccn Model Refined against Room-Temperature 

Neutron Diffraction Data for Ce2TaO1.19N2.81 (λ = 1.37 Å)
a,b

Atom site x y z B (Å2) occupancy 

Ce 8e 0.4997(17) 0.0115(8) 0.14118(15) 0.89(3) 1 

Ta 4ª 0 0 0 1.09(3) 1 

O1/N1 8e 0.0309(11) 0.0401(5) 0.17037(13) 2.524 0.498(5)/0.502 

O2/N2 4c 0.25 0.25 0.4800(2) 1.205 0.070(7)/0.930 

O3/N3 4d 0.25 0.75 0.0011(11) 1.205 0.124(13)/0.876 

Bond d (Å) bond d (Å) bond d (Å) 

Ta-O1,N1 2.1855(19) × 2 Ta–O2,N2 2.0504(3) × 2 Ta–O3,N3 2.0346(2) × 2 

Ce–O1,N1 2.421(3) Ce–O1,N1 2.614(5) Ce–O1,N1 2.727(12) 

Ce–O1,N1 3.083(12) Ce–O1,N1 3.202(5) Ce–O2,N2 2.591(6) 

[a] Refined cell parameters and agreement factors are a = 5.75284(19), b = 5.75620(15), and c =

12.71338(18) Å. V = 420.997(19) Å3. RBragg = 5.22% and Rwp = 1.34%.

[b] Estimated standard deviations in parentheses are shown once for each independent variable.

The thermal parameters were refined anisotropically for the three anions; ellipsoids are shown on 

Figure 6. Average bond distances: Ta–O,N 2.090 Å and Ce–O,N 2.769 Å. 
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Magnetic Properties 

The Ce, Nd, and Eu compounds display a Curie-like paramagnetic 

susceptibility at high temperature (T > 50 K) (Figure 10a), although 

deviations are clearly perceptible at least in Nd2TaO1.46N2.54, as typically 

found in rare earth compounds. 
40

 La2TaO1.31N2.69 shows an extremely 

small paramagnetic susceptibility, in accordance with the nonmagnetic 

nature of La
3+

 and plausibly associated with the presence of Ta
4+

 or to 

traces of magnetic impurity. A convenient way to identify deviations 

from the common Curie behavior and to get insights into their physical 

origin is to plot the effective paramagnetic moment (μeff), extracted from 

the measured susceptibility: 𝜒𝑚 = 𝜇0
𝑁𝐴𝜇𝐵

2

3𝑘𝐵𝑇
 𝜇eff

2  . In Figure 10b, we show 

the μeff vs T plot, where μeff has been obtained through the thermal 

derivative of the inverse susceptibility: 

𝑑𝜒𝑚
−1

𝑑𝑇
=

3𝑘𝐵𝑇

𝑁𝐴𝜇𝐵
2 𝜇0

1

𝜇eff
2   . It turns out that for Eu and Ce compounds, μeff is 

temperature-independent down to about 25K. The observed effective 

moments approach, although slightly smaller, to those expected for 

Eu
2+

 ions (
8
S7/2; gJ = 2) and Ce

3+
 (

2
F5/2, gJ = 6/7) (green and blue dashed 

lines in Figure 10b), which may indicate some overoxidation of Eu
2+

 and 

Ce
3+

. In fact, from the susceptibility of Ce2TaO1.19N2.81, we infer an 

effective paramagnetic moment of μeff≃ 2.02 μB/Ce, which could signal 

the partial appearance of Ce
4+

(J = 0), estimated to be around 37%, 

together with an accompanying fraction of Ta
4+

 (J = 1/2) for charge 

compensation. The presence of Ce
4+

 may be induced by the existence of 

nitrogen-rich regions created by the anion disorder, that will be balanced 

javascript:void(0);
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by oxide-rich regions where Ta
5+

 is reduced to Ta
4+

 according to the 

internal redox equilibrium Ce
3+

 + Ta
5+⇔ Ce

4+
 + Ta

4+
.
4
 The observed 

effective paramagnetic moment of Eu2TaO2.80N1.20 is μeff≃ 7.63 μB/Eu, 

which assuming a coexistence of Eu
2+

 and Eu
3+

 would correspond to a 

concentration of Eu
3+

 of about 10%, in excellent agreement with the 

chemical analysis. The small magnetic moment in the broad and rather 

delocalized 5d
1
 orbitals of Ta

4+
 ions should lead to a minor contribution 

to the measured small susceptibility. In contrast, the 

Nd2TaO1.46N2.54 compound displays a conspicuous decrease of μeff on 

cooling below T ≃ 100 K. This is the common behavior of rare earths 

with an odd number of electrons in magnetically diluted systems, and it 

may result from crystal field effects or the presence of magnetic 

interactions, as discussed latter. For instance, the crystal field may break 

the degeneracy of the ground-state 
2S+1

LJ of the rare earth into various 

site symmetry-dependent Kramers doublets, with electron occupancy, 

and thus, the magnetic susceptibility will evolve with temperature. The 

presence of magnetic interactions may also result in a reduction of 

magnetic susceptibility. It follows that the origin of the observed 

temperature dependence of μeff(T) cannot be, in general, univocally 

disentangled.
41

 On the other hand, the observation that in the high-

temperature limit, the measured μeff is larger than the free ion Nd
3+

 value 

(
4
I9/2; J = 9/2, gJ = 8/11) remains intriguing. It could be tentatively 

attributed to some spin polarization of neighboring Ta
4+

 ions, as in 

Nd2TaO1.46N2.54, the proportion of this cation is the largest among the 

R2TaO4–xNx series presented here. 
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Figure 10. (a) Inverse susceptibility of La2TaO1.31N2.69, Ce2TaO1.19N2.81, 

Nd2TaO1.46N2.54, and Eu2TaO2.80N1.20, measured at 10 kOe (note the different 

scale, right axis, used for the La compound). (b) Temperature dependence of the 

effective paramagnetic moment obtained by the derivative of the inverse 

susceptibility as explained in the text. 

To get a deeper insight into the low-temperature spontaneous magnetic 

behavior of these compounds, we explored the low-field magnetic 

susceptibility (χ). In Figure 11a, we show χ(T) measured on heating 

under 25 Oe magnetic field after a zero-field cooling (ZFC) and field 

cooling (FC). A well-pronounced peak followed by a low-temperature 

hysteresis shows up in the ZFC-FC at ∼4K for Ce2TaO1.19N2.81 and ∼8K 

for Eu2TaO2.80N1.20, indicating the appearance of magnetic order in these 

compounds. In contrast, Nd2TaO1.46N2.54 does not display any hysteresis 

and thus no traces of magnetic order down to the lowest explored 

temperature (2K). To understand the origin of this hysteresis, we have 
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measured the field-dependent magnetization. The obtained M(H) curves 

are depicted in Figure 11b,c. Data show a rapid upturn of magnetic 

moment under a low magnetic field at low temperatures characteristic of 

magnetic order with a ferromagnetic component. 

 

 

 

 

 

 

 

 

 

 

Figure 11. (a) Zero field-cooled/field-cooled magnetization vs temperature 

(measured under 25 Oe applied magnetic field) of Nd2TaO1.46N2.54 (right axis) 

and Ce2TaO1.19N2.81 and Eu2TaO2.80N1.20 (left axis). (b, c) Magnetization vs 

magnetic field measured at different temperatures for Ce2TaO1.19N2.81 and 

Eu2TaO2.80N1.20, respectively. 
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We have discarded that this upturn corresponds to a paramagnet at low 

enough temperature by plotting the magnetization vs H/T and checked 

that the M(H/T) curves at the lowest temperature (T < 15 K) do not scale 

(see Figure S3). Data collected at the lowest temperature reflect a lack of 

saturation, suggesting the coexistence of the remaining fraction of 

disordered spins in the samples. 

The saturation magnetization (MS) inferred from data collected at the 

lowest temperature (2K) and largest field (7 T) indicates 

MS(Ce2TaO1.19N2.81) ∼ 0.7 μB/Ce and MS(Eu2TaO2.80N1.20) ∼ 4.3 μB/Eu. 

Both values are significantly smaller than those expected for fully 

collinear ferromagnetic orders: 2.14 μB/Ce for Ce
3+

 and 1.35 μB/Ce for 

the aforementioned 37% of Ce
4+

; 7 μB/Eu for full Eu
2+

, and 6.3 μB/Eu for 

10% of Eu
3+

 (according to chemical analysis). This discrepancy between 

the expected (or the maximal) and observed values of the saturation 

magnetization indicates that a more complex ordering pattern could be at 

work or that the disorder in the system drives to magnetic frustration and 

to an only partially ordered magnetic structure. 

At first sight, the lack of magnetic ordering in Nd2TaO1.46N2.54 may seem 

surprising as structural differences between the Nd, Ce, and Eu 

compounds are rather small. For the rare earth cations in the K2NiF4-type 

structure, there are eight superexchange pathways corresponding to the 

next nearest neighbors (NNN), four from the same NaCl-type layer (J21) 

and four from a neighbor layer (J22) (see Figure 12a–c). 
42 

In these 

pathways, the changes of bond distances across the series are extremely 

moderate (≈1%), and the R–X–R bond angles change monotonically by 
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≈3% (171.41° for the Eu compound, 167.7° for Ce2TaO1.19N2.81 and 

160.7° for Nd2TaO1.46N2.54) (Figure 13). On the other hand, any 

superexchange R–X–R magnetic interaction is expected to be stronger 

when increasing the covalency of bonds by reducing the electronegativity 

of the anions,
43

 and thus, a larger N/O ratio will reinforce the 

superexchange interactions. As illustrated in Figure 12, the N/O 

occupancy in the R–X–R pathways for Nd2TaO1.46N2.54 is similar to that 

of the Ce compound and larger than in the Eu compound, and still no 

magnetic order is observed in the Nd compound. From these two sets of 

data, we conclude that superexchange interactions do not appear to play a 

major role in the magnetic ordering of the rare earth ions in these 

compounds, which thus appear to be governed by direct R–R exchange 

interactions depicted in Figure 12d. In exchange-coupled Nd
3+

-

Nd
3+

 units, crystal field and exchange interactions conspicuously 

combine to produce a singlet ground state, which is in sharp contrast with 

Ce
3+

-Ce
3+

 and Eu
2+

-Eu
2+

units where the ground state can be a triplet (see, 

for instance, Figures 31, 26, and 22, pages 64–69 in ref [(40)]). It follows 

that the effective magnetic moment of Nd
3+

 decreases when decreasing 

temperature, and no magnetic order develops in Nd2TaO1.46N2.54, which 

is completely different than the behavior of Ce2TaO1.19N2.81 and 

Eu2TaO2.80N1.20 compounds in agreement with our experimental 

observations. 
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Figure 12. (a–c) Superexchange (J21, J22) and (d) direct exchange (J11, J12, J13) 

magnetic interactions in R2TaO3-xNx compounds (R = Ce, Nd, Eu). Anion 

occupancies correspond to those determined from neutron diffraction for 

Ce2TaO1.19N2.81. For Nd2TaO1.46N2.54 and Eu2TaO2.80N1.20, the anion populations 

are those expected using PSCR (see the precedent section). 

 

 

 

 

 

 

Figure 13. Average R–X–R angles and R–X (X = O,N) bond distances for 

superexchange interactions in Ce2TaO1.19N2.81 (from neutron diffraction data), 

Nd2TaO1.46N2.54, and Eu2TaO2.80N1.20 plotted against the ionic radii of Ce
3+

, 

Nd
3+

, and Eu
2+

, respectively, for CN = IX.
34
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4.4 Conclusions 

The new n = 1 Ruddlesden–Popper rare earth tantalum oxynitrides 

R2TaO4-xNx (R = La, Ce, Nd, and Eu) are prepared using a solid-state 

reaction under N2 at temperatures between 1200 and 1700 °C starting 

with mixtures of R2O3, RN, Ta3N5, and TaON. This is a versatile 

synthetic approach that allows to control the initial N/O ratio, a 

determining factor to stabilize the oxynitrides, by using different 

proportions of the four reactants while keeping the R/Ta = 2 

stoichiometric ratio. The chemical analyses of the obtained oxynitrides 

La2TaO1.31N2.69, Ce2TaO1.19N2.81, Nd2TaO1.46N2.54, and 

Eu2TaO2.80N1.20 indicate a decrease of the N/O ratio during the synthesis 

that leads to an excess of oxygen with respect to the ideal stoichiometry 

R2TaON3, corresponding to the oxidation states of the cations R
3+

 and 

Ta
5+

. The lower nitrogen content is formally charge-compensated by the 

reduction of europium to the divalent state or of Ta
5+

 to Ta
4+

. 

The La, Ce, and Nd compounds show a tilted superstructure with cell 

parameters √2a0 × √2a0 × c0 (where a0 and c0 are the parameters of 

the I4/mmm K2NiF4 aristotype) with the Pccn space group. In contrast, 

the europium compound shows additional doubling of the c axis, with 

parameters √2a0 × √2a0 × 2c0, and crystallizes in the I41/acd space group. 

The observed different crystal chemistry in the europium compound is a 

consequence of the near total reduction of this rare earth to Eu
2+

. The 

neutron diffraction study of Ce2TaO1.19N2.81 shows that the equatorial 

sites of the tantalum octahedra have an occupancy of nearly 100% 

nitrogen, whereas the axial sites are occupied by 50% of each anion. This 
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anion distribution is in excellent agreement with the prediction of 

Pauling’s second crystal rule that leads to the bond strength sums of 2.94 

and 2.47 for the equatorial and axial sites, respectively. According to this 

prediction, a similar anion order is expected for the trivalent rare 

earth n = 1 Ruddlesden–Popper oxynitrides of La and Nd. For the 

Eu
2+

 compound, the corresponding calculated sums are 2.55 and 1.94; 

hence, a population of 50/50 O/N in the equatorial sites and 100% O in 

the axial sites is predicted. The Ce and Eu compounds display some 

magnetic order at low temperatures with a ferromagnetic component. In 

contrast, the Nd oxynitride does not show any fingerprint of magnetic 

order but remains paramagnetic down to the lowest temperature explored 

(2 K), consistent with the temperature-independent effective magnetic 

moment observed in the former and a low-temperature suppression in the 

latter, which we attribute to the combined effect of a temperature-

dependent change of electron occupancy in the crystal-field split Kramers 

doublets and exchange interactions producing a singlet ground state. The 

new n = 1 Ruddlesden–Popper compounds reported in this paper expand 

the structural diversity of the family of perovskite oxynitrides opening 

avenues to search new materials in this group of solids. Post-treatments 

of the R2TaO4–xNx samples in strongly nitriding atmospheres such as 

NH3 would plausibly increase the nitrogen contents with concomitant 

oxidation of the cations Eu
2+

 and Ta
4+

, and new applications as dielectric 

materials or as visible light photocatalysts in different reactions may 

emerge. 
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new oxynitridosilicate host NdSrSiO3N activated with Eu
2+

 show orange-

red luminescence under excitation at 405 nm. 
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Abstract: Rare earth activated nitridosilicates have important 

applications as phosphor components in white light emitting diodes. 

(Oxy)nitridosilicates with β-K2SO4 structure doped with 

Eu
2+

 are luminescent materials with emission wavelengths ranging from 

green to red under excitation with blue-UV light. Here we report the 

synthesis of isostructural NdEuSiO3N and the new oxynitridosilicate 

NdSrSiO3N by solid state reaction between Nd2O3, NdN, Eu2O3 or SrO 

and Si3N4 under N2/H2 gas at temperatures of 1300 °C and 1500 °C 

respectively. These compounds are the limiting compositions of the solid 

solution NdSr1-xEuxO3N crystallizing in the space group Pmnb with cell 

parameters a = 5.62293(1), b = 7.02285(1), c = 9.64784(2) Å for 

NdEuSiO3N, and a = 5.63074(9), b = 7.01658(10), c = 9.65765(15) Å for 

NdSrSiO3N. The Nd
3+

and Eu
2+

 cations in NdEuSiO3N or Nd
3+

 and 

Sr
2+

 in NdSrSiO3N show partial order in the two available 

crystallographic sites of coordination numbers 10 (M1) and 9 (M2), with 

strongly preferred occupancy of the larger divalent cations Eu
2+

 (77%) 

and Sr
2+

 (78%) for the M1 site, whereas the M2 site is preferred by 

Nd
3+

. Magnetic susceptibility measurements down to 2 K show that 

NdEuSiO3N is ferromagnetic with Tc = 3 K, in contrast to NdSrSiO3N 

that shows antiferromagnetic interactions at low temperatures. The band 

gaps of NdEuSiO3N and NdSrSiO3N determined from diffuse reflection 

spectroscopy are 2.37 and 3.72 eV respectively. NdEuSiO3N and the 

members of the solid solution NdSr0.98Eu0.02SiO3N and 

NdSr0.5Eu0.5SiO3N are orange-red light emitting luminescent materials, 

showing a broad emission band centered between 605 and 639 nm under 

excitation at 405 nm. These compounds are new phosphor materials with 

https://www.sciencedirect.com/topics/materials-science/light-emitting-diode
https://www.sciencedirect.com/topics/chemistry/luminiscence-type
https://www.sciencedirect.com/topics/chemistry/emission-wavelength
https://www.sciencedirect.com/topics/chemistry/solid-state-reaction
https://www.sciencedirect.com/topics/chemistry/phase-composition
https://www.sciencedirect.com/topics/materials-science/solid-solution
https://www.sciencedirect.com/topics/materials-science/solid-solution
https://www.sciencedirect.com/topics/chemistry/coordination-number
https://www.sciencedirect.com/topics/chemistry/monoatomic-dication
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emission wavelengths shifted to the red with respect to the isostructural 

oxysilicates, which is induced by the introduction of nitride. 
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5.1. Introduction 

Oxynitridosilicates of rare earth and alkaline earth metals doped with 

Eu
2+

 or Ce
3+

 show broad emission bands when excited with UV-blue 

light. They show high thermal stability and colour tunability and are 

attractive as phosphor components in white light emitting 

diodes (LED's).
1,2

 Compared to oxysilicates, the oxynitridosilicates show 

longer emission wavelengths as a consequence of several factors. The 

lower electronegativity of nitrogen increases the covalency of the bonds 

with the cations and the nephelauxetic effect, hence decreasing the 

energy of the d orbitals of the rare earth cations. Additionally, the higher 

charge and electronic polarizability of N
3−

 increases the crystal field 

splitting in these orbitals, resulting in a further decrease of the energies of 

4f
n-1

5d
1
 ⟶ 4f

n
 transitions.

3,5
 

The orthosilicate phosphor Sr2SiO4:Eu
2+

shows a green emission with 

wavelength of 550 nm and high internal quantum efficiency.
6,9

 The host 

compound Sr2SiO4 adopts a monoclinic structure (β phase) at room 

temperature with space group P21/n, that can be described as a distorted 

β-K2SO4 structure with two sites for the Sr atoms of coordination 

numbers 10 and 9 connected through [SiO4]
4-

 anions. At 85 °C it 

transforms into the orthorhombic α′ phase of β-K2SO4 type 

with Pbnm space group. In the α’ phase the Sr atoms are placed at a 

mirror plane and are largely underbonded by the oxygen atoms.
10,11

 In the 

more stable β phase the Sr atoms are shifted with respect to the mirror 

plane to improve their bonding, which induces the symmetry lowering 

to P21/n. 

https://www.sciencedirect.com/topics/chemistry/alkaline-earth-metal
https://www.sciencedirect.com/topics/materials-science/light-emitting-diode
https://www.sciencedirect.com/topics/materials-science/light-emitting-diode
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The concomitant substitution of Sr
2+

 by La
3+

 and O
2−

 by N
3−

 in β-

Sr2SiO4 leads to the solid solution Sr2-xLaxSiO4-xNx 
12

 and induces a 

structural transition to the α’, β-K2SO4 type phase for x ≥ 0.2. The 

stabilization of this polymorph at room temperature is most likely a 

consequence of the increase in bond valence of the cations promoted by 

the introduction of the more charged anion N
3−

. The doped compounds of 

these oxynitrides Sr2-xLaxSiO4-xNx:0.02Eu
2+

 show a red shift of the 

emission colours (λexc = 405 nm) with respect to Sr2SiO4:Eu
2+

, from 

yellow for x = 0.2 (λem = 564 nm) to orange red (λem = 650 nm) for x = 1, 

the latter corresponding to the stoichiometric oxynitride LaEuSiO3N.
13

 A 

co-substitution at doping level in Sr2SiO4 of Sr
2+

 and O
2−

 by Lu
3+

 and 

N
3−

, has been reported with a maximum Lu or N content of 0.005.
14

 The 

resulting phosphors LuxSr2-xSiNxO4-x:Eu
2+

 show the β-K2SO4 structure 

and the emission peaks are red shifted with respect to Sr2SiO4:Eu
2+

 up to 

a maximum wavelength of 595 nm. The β-K2SO4 type 

oxynitridophosphates Ca2PO3N 
15

 and Ba2PO3N 
16

 containing [PO3N]
4-

 anions have been investigated as hosts for luminescent materials. The 

Eu
2+

 doped compound exhibits luminescence in the green range of the 

visible spectrum with λem = 525 nm under excitation at 400 nm. 

The compounds LnEuSiO3N (Ln = La, Nd, Sm) were first prepared in a 

sealed nickel tube through a solid state reaction between the rare 

earth oxides and Si3N4 by R.Marchand, who reported also their cell 

parameters and the X-ray powder diffraction patterns.
17

 We have recently 

reported the synthesis and crystal structures of the isostructural alkaline 

earth derivatives LaSrSiO3N and LaBaSiO3N, together with the 

luminescence properties and ferromagnetism of their europium doped 

https://www.sciencedirect.com/topics/materials-science/solid-solution
https://www.sciencedirect.com/topics/materials-science/oxynitride
https://www.sciencedirect.com/topics/chemistry/wavelength-maximum
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compounds and LaEuSiO3N.
13

 These oxynitridosilicates crystallize in the 

β-K2SO4 structure (Figure 1), where the cationic sites with coordination 

numbers 10 (site M1) and 9 (site M2) are occupied by both La
3+

or the 

divalent (Eu
2+

, Sr
2+

, Ba
2+

) cations. The two polyhedra are connected 

through [SiO3N]
5-

 anions with a strong preferred occupancy close to 80% 

of the larger alkaline earth or Eu
2+

 cations for the M1 site. The 

investigation of novel LnMSiO3N host compounds (M = alkaline earth 

metal; Ln = rare earth) and their corresponding Eu
2+

 doped derivatives, is 

relevant to study the effect of the rare earth on the luminescent properties 

and to find new phosphor materials. Here we report the synthesis under 

N2/H2 gas at 1350–1500 °C and the crystal structures of the new 

oxynitridosilicate host NdSrSiO3N and NdEuSiO3N, which correspond to 

the end members of the solid solution NdSr1-xEuxSiO3N with x = 0 and x 

= 1 respectively. These compounds show the β-K2SO4 structure where 

the M1 and M2 coordination sites are linked by [SiO3N]
5-

, with relative 

occupancies Nd:Eu and Nd:Sr of 0.23:0.77 and 0.22:0.78 respectively at 

site M1 and corresponding occupancies 0.77:0.23 and 0.78:0.22 at site 

M2. The europium compounds with x = 0.02, 0.5 and 1.0 show red-

orange luminescence upon activation at 405 nm, and NdEuSiO3N is 

ferromagnetic below 3 K, in contrast to NdSrSiO3N which 

shows antiferromagnetic interactions between the Nd
3+

 cations at low 

temperature. 
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Figure 1. Crystal structures of Nd(Eu,Sr)SiO3N compounds showing the 10 and 

9- coordinated M1 and M2 sites respectively, connected by the [SiO3N] 

tetrahedra. 

5.2. Experimental 

Polycrystalline samples of 250 mg of NdSrSiO3N were prepared by solid 

state reaction in N2/H2 (95%/5% V/V, Air liquide, 99.999%) between 

Nd2O3 (Aldrich, 99.99%), SrO and Si3N4 (α-phase, Alfa Aesar, 99.9%) in 

stoichiometric 0.5:1:1/3 ratio. NdEuSiO3N was prepared using the same 

gas, starting with Nd2O3, Si3N4 and Eu2O3 (Aldrich 99.99%). To 

minimize the proportion of oxidic impurities in NdEuSiO3N samples, we 

used either 7 mg of graphitic C (Alfa Aesar 99.9995%) or a mixture of 

Nd2O3 and NdN (Alfa Aesar 99.9%) as Nd source in the reactants (0.45 

Nd2O3: 0.1 NdN). The samples NdSr0.98Eu0.02SiO3N and 

NdSr0.5Eu0.5SiO3N were prepared by the same method than NdSrSiO3N, 

c

a
b

Eu, Sr

Nd

O,N

Si

M1 M2
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starting with stoichiometric amounts of Nd2O3, SrO, Eu2O3 and Si3N4. 

Nd2O3 and Eu2O3 were previously treated at 950 °C under a dynamic 

vacuum of 5x10
−2

 mbar during 12 h. SrO was prepared by overnight 

decomposition of SrCO3 (Alfa Aesar, 99.994%) at 1000 °C under 

dynamic vacuum of 5x10
−2

 mbar. Handling of the reactants was carried 

out in a Glovebox under recirculating argon atmosphere. The powders 

were thoroughly mixed in an agate mortar for 30 min, pressed into a 

pellet, placed in a molybdenum crucible and covered with 

a zirconium foil that was used as oxygen/water scavenger. The mixtures 

were fired during 3 h, at 1350 °C for NdEuSiO3N and at 1500 °C for 

NdSrSiO3N, NdSr0.98Eu0.02SiO3N and NdSr0.5Eu0.5SiO3N, with heating 

and cooling rates of 300 °C/h. 

N contents were determined by combustion analysis in a Thermo Fisher 

Scientific instrument, heating the samples in oxygen up to 1060 °C and 

using MgO, WO3 and Sn as additives and atropine as a reference 

standard. Thermogravimetric analysis in pure oxygen were performed to 

study the thermal oxidation stability of the samples, using a NETZSCH -

STA 449 F1 Jupiter instrument. The samples were heated at 5 °C 

min
−1

 up to 1400 °C under O2 flow rate of 70 cm
3
 min

−1
. Energy 

dispersive spectroscopy (EDS) analyses of cation contents were 

performed in a FEI Quanta 200 FEG scanning electron microscope 

equipped with an EDAX detector with an energy resolution of 132 eV. 

X-ray powder diffraction data were collected on a Bruker D8 Advance 

A25 diffractometer in a Debye Scherrer configuration equipped with a 

Johansson monochromator, using Mo Kα1 radiation source (λ = 0.7093 

https://www.sciencedirect.com/topics/chemistry/glovebox-technique
https://www.sciencedirect.com/topics/chemistry/zirconium
https://www.sciencedirect.com/topics/materials-science/combustion-analysis
https://www.sciencedirect.com/topics/materials-science/magnesium-oxide
https://www.sciencedirect.com/topics/materials-science/thermogravimetric-analysis
https://www.sciencedirect.com/topics/chemistry/purity
https://www.sciencedirect.com/topics/materials-science/oxidation-reaction
https://www.sciencedirect.com/topics/chemistry/flow-kinetics
https://www.sciencedirect.com/topics/chemistry/energy-dispersive-spectroscopy
https://www.sciencedirect.com/topics/chemistry/energy-dispersive-spectroscopy
https://www.sciencedirect.com/topics/materials-science/energy-dispersive-x-ray-spectroscopy
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Å). High resolution synchrotron X-ray powder diffraction data were 

measured for a NdEuSiO3N sample using a capillary of 0.5 mm diameter, 

rotated during the data collection, in the angular range 3.0°≤ 2θ ≤50.0°, 

at the MSPD (Materials Science And Powder Diffraction) beamline 
18

 of 

the ALBA Synchrotron (Cerdanyola del Vallès, Spain). Using a double 

Si (111) crystal monochromator, a short wavelength was selected and 

calibrated with Si NIST (λ = 0.635560 Å). Rietveld analysis was carried 

out using the program Fullprof.
19

 Background refinement was performed 

by linear interpolation and the data were corrected for absorption. 

Electron diffraction micrographs were obtained in a JEOL 1210 

transmission electron microscope operating at 120 kV, equipped with a 

side-entry 60°/30° double tilt GATAN 646 specimen holder. The samples 

were prepared by deposition of the powder on a carbon film supported on 

a copper grid. 

Diffuse reflectance spectra were registered at room temperature on a 

JASCO V-780 UV–visible/NIR spectrophotometer, with operational 

range of λ = 200–1200 nm. Photoluminescence (PL) spectra were 

measured at room temperature using the 405 nm line of a solid-state laser 

for excitation and collected using a LabRam HR800 spectrometer 

equipped with a charge-coupled device detector. PL spectra were 

corrected for the spectral response of the spectrometer by normalizing 

each spectrum employing the detector and grating characteristics. The 

incident light power density was about 1 W/cm
2
. 
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Magnetic measurements were performed at fields of 50 Oe and 5 kOe 

between 2 and 300 K using a Quantum Design SQUID magnetometer. 

Magnetization-field loops were measured between −70 kOe and +70 kOe 

at 2 K. 

5.3. Results and Discussion 

Synthesis and Crystal Structure of NdEuSiO3N and NdSrSiO3N 

The synthesis of NdSr1-xEuxO3N (x = 0, 0.02, 0.5, 1.0) was performed 

through a similar procedure than in our previous report on LaMSiO3N 

compounds (M = Sr, Ba, Eu)
13

 under N2/H2 gas (95%/5% V/V), in 

contrast to the synthesis in sealed nickel tube reported for several 

LnEuSiO3N compounds (Ln = La, Nd, Sm).
17

 The synthesis under a 

flowing gas is performed in an Al2O3 tube then allowing the use of higher 

temperatures, which are necessary to stabilize the 

neodymium strontium compounds. Whereas NdEuSiO3N was prepared at 

1350 °C, the reaction of formation of NdSrSiO3N in these conditions was 

incomplete and it was necessary to raise the temperature up to 1500 °C. 

On the other hand, the use of H2 in the gas mixture ensures the full 

reduction of europium to the divalent state, which is convenient for the 

ferromagnetic and luminescent properties induced by this cation. 

Samples with high crystallinity were obtained after short treatment times 

of typically 3 h at the maximum temperature. X-ray powder diffraction 

patterns for NdEuSiO3N and NdSrSiO3N are shown in Figures 2 and 3. 

The latter showed non-indexed peaks with low intensity at Q values of 

1.98 and 2.31 Å
−1

 that could not be assigned to any known phase in the 

https://www.sciencedirect.com/topics/materials-science/magnetometer
https://www.sciencedirect.com/topics/materials-science/strontium
https://www.sciencedirect.com/topics/materials-science/gas-mixture
https://www.sciencedirect.com/topics/chemistry/europium
https://www.sciencedirect.com/topics/chemistry/luminiscence-type
https://www.sciencedirect.com/topics/chemistry/crystallinity
https://www.sciencedirect.com/topics/materials-science/diffraction-pattern
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quaternary system. Nitrogen analyses gave values close to 1 atom per 

formula for all samples: 1.04 for NdEuSiO3N, 0.96 for 

NdSr0.5Eu0.5SiO3N and 1.06 for NdSrSiO3N, and the Nd/Eu and Nd/Sr 

ratios observed by EDS for 12 analyzed crystals of each sample were 

0.94 for NdEuSiO3N and 0.97 for NdSrSiO3N respectively. For 

NdSr0.5Eu0.5SiO3N the analyzed ratios were Eu/Nd = 0.50 and Sr/Nd = 

0.56. TGA experiments performed in O2 up to 1400 °C show that 

NdEuSiO3N starts to decompose at 380 °C into the oxides, whereas the 

decomposition of NdSrSiO3N begins at 500 °C. The lower stability of the 

former compound is due to the presence of Eu
2+

 that oxidizes to Eu
3+

 at 

low temperatures. 

 

 

 

 

 

 

Figure 2. Rietveld fit to room temperature synchrotron X-ray diffraction pattern 

of NdEuSiO3N (λ = 0.63556 Å). 

The reconstruction of the reciprocal lattice from electron 

diffraction patterns (Figure 4) showed the cell parameters a = 5.64, b = 

https://www.sciencedirect.com/topics/chemistry/energy-dispersive-spectroscopy
https://www.sciencedirect.com/topics/chemistry/thermogravimetric-analysis
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7.02, c = 9.86 Å for NdEuSiO3N and a = 5.67, b = 7.05, c = 9.57 Å for 

NdSrSiO3N, and the reflection conditions in both cases were: h0l, h + l =  

 

 

 

 

 

 

Figure 3. Rietveld fit to room temperature Mo Kα1 X-ray diffraction pattern of 

NdSrSiO3N (λ = 0.7093 Å). 

2n; hk0, k = 2n; h00, h = 2n; 0k0, k = 2n and 00l, l = 2n, which are 

compatible with the space group Pmnb (Nº 62) characteristic of the β-

K2SO4 aristotype structure. An incommensurate superstructure along 

the b axis with wave vector q = 0.29b∗ is observed for NdSrSiO3N 

(Figure 4). The superstructure peaks are less intense in NdEuSiO3N, that 

shows q = 0.27b∗, and in both compounds they are not detected in the X-

ray diffraction patterns. Structural modulations along the b axis have 

been observed in compounds with β-K2SO4 type structures such as α′-

Sr2SiO4,
20

 Ba2-xCaxSiO4 and Ca2SiO4,
21

 as well as in 

the oxynitrides LaSrSiO3N and LaEuSiO3N.
13

 The incommensurate 

superstructure in α’ Sr2SiO4 has been found to be originated by a gradual 

https://www.sciencedirect.com/topics/chemistry/superlattice
https://www.sciencedirect.com/topics/materials-science/superlattice
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variation of metal-anion bond lengths that takes place to improve the 

bonding of Sr(1) atoms and leads to a tilting of the [SiO4] tetrahedra. 

 

 

 

 

Figure 4. Electron diffraction patterns along the zone axes [001], [100] and 

[010] of NdSrSiO3N. The structural modulation along b∗ is visible in the [001] 

plane, where the superstructure reflections are indicated by arrows. Circles 

indicate multiple diffraction reflections. 

The crystal structures of NdEuSiO3N and NdSrSiO3N have been 

determined by the Rietveld method from X-ray powder diffraction data 

using the space group Pmnb (Nº 62) and the coordinates of LaEuSiO3N 
13

 

as initial structural model (Figures 2 and 3; Tables 1 and 2). The 

occupancies Nd:Eu and Nd:Sr at sites M1 and M2 were refined subjected 

to the ideal stoichiometry. On the other hand, as nitrogen and oxygen 

show small differences in the X-ray diffraction scattering lengths, their 

occupancies in the three anion sites X1, X2 and X3 were fixed to a 

statistical distribution with the constraint of the ideal stoichiometry. The 

refined cell parameters a = 5.62293(1), b = 7.02285(1), c = 9.64784(2) Å 

for NdEuSiO3N and a = 5.63074(9), b = 7.01658(10), c = 9.65765(15) Å 

for NdSrSiO3N, are smaller than those of the 

analogous lanthanum compounds (a = 5.63246(14), b = 7.11675(18), c = 

[010]

b*

c* [100]

b*

a* [001] a*

c*

https://www.sciencedirect.com/topics/materials-science/superlattice
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9.7998(2) Å for LaEuSiO3N; a = 5.64362(14), b = 7.10719(17), c = 

9.8062(2) Å for LaSrSiO3N),
13

 as expected from the differences in the 

ionic radii of La
3+

 and Nd
3+

, 1.216 Å and 1.163 Å (CN=IX)
22

 

respectively. Despite the similar ionic radii of Eu
2+

 and Sr
2+

 (1.30 and 

1.31 Å, respectively, for CN=IX) the cell is slightly contracted for 

the europium compound following the trend of the radii of the two 

cations (V = 380.984(1) Å
3
 for NdEuSiO3N vs 381.560(10) Å

3
 for 

NdSrSiO3N). This tendency was also observed comparing LaSrSiO3N 

(V = 393.329(16) Å
3
) with LaEuSiO3N (V = 392.825(17) Å

3
).

13
 The cell 

parameters of NdSr0.5Eu0.5SiO3N, obtained by Rietveld refinement of 

powder X-ray diffraction data (λ Mo Kα1) are intermediate between those 

for NdEuSiO3N and NdSrSiO3N: a = 5.62381(6), b = 7.01999(7), c = 

9.65588(11) Å, V = 381.206(7) Å
3
. The cell volumes of the three 

compounds show a linear variation with x in agreement with the 

existence of the solid solution NdSr1-xEuxSiO3N. The two cationic 

positions of the β-K2SO4 structure with coordination numbers 10 (M1) 

and 9 (M2) are occupied by the trivalent Nd
3+

 and the divalent cations, 

either Eu
2+

 or Sr
2+

, in a disordered manner, but with a preference of the 

smaller cation Nd
3+

 for the 9th coordinated site in a similar way to that 

observed for LaSrSiO3N, LaEuSiO3N and LaBaSiO3N.
13

 The refined 

occupancy factors Nd1/Sr1 and Nd2/Sr2 positions in NdSrSiO3N are 

0.216(2):0.784 and 0.784:0.216 respectively, similar to those obtained for 

NdEuSiO3N, Nd1/Eu1 = 0.228(7):0.772 and Nd2/Eu2 = 0.772:0.228. 

These cation distributions are close to those found for LaSrSiO3N 

(La1/Sr1 = 0.242(3):0.758; La2/Sr2 = 0.758:0.242) and LaEuSiO3N 

(La1/Eu1 = 0.188(18):0.812; La2/Eu2 = 0.812:0.188) indicating that they 
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are not significantly affected by the smaller ionic radius of 

Nd
3+

 compared to La
3+

. The average bond lengths were: M1-X = 2.841 Å 

for NdEuSiO3N and 2.830 Å for NdSrSiO3N; M2-X = 2.640 Å for 

NdEuSiO3N and 2.701 Å for NdSrSiO3N, which are similar, although 

slightly smaller than those observed in LaEuSiO3N (M1-X = 2.869 Å, 

M2-X = 2.685 Å) and LaSrSiO3N (M1-X = 2.868 Å, M2-X = 2.687 Å). 

Table 1. Fractional atomic coordinates in space group Pmnb, cation 

occupancies and isotropic temperature factors for NdEuSiO3N from the 

refinement to synchrotron diffraction data at 300 K using λ = 0.63556 Å. Cell 

parameters: a = 5.62293(1), b = 7.02285(1), c = 9.64784(2) Å. RBragg = 5.47% 

and Rwp = 5.53%. 
[a]

. 

atom site x y z B(Å2) occ. factor 

Nd1/ Eu1 4c 0.25 0.65666(8) 0.57824(6) 0.81(12) 0.228(7)/0.772 

Nd2/ Eu2 4c 0.25 0.00725(8) 0.30120(5) 0.53(11) 0.772/0.228 

Si 4c 0.25 0.2212(3) 0.5846(3) 0.24(4) 1 

O1/N1 4c 0.25 0.9965 (10) 0.5619(7) 1.60(7) 0.75/0.25 

O2/N2 4c 0.25 0.3301(11) 0.4282(8) 1.60 0.75/0.25 

O3/N3 8d 0.0109(8) 0.2822(6) 0.6701(6) 1.60 0.75/0.25 

bond distance(Å) bond distance (Å) bond distance (Å) 

M1-X1 2.392(7) M2-X1 2.515(7) Si-X1 1.593(7) 

M1-X2 2.712(8) M2-X1(x2) 3.107(3) Si-X2 1.692 (8) 

M1-X2 (x2) 2.8137(3) M2-X2 2.577(8) Si-X3 (x2) 1.635(5) 

M1-X3 (x2) 3.084(4) M2-X2 2.539(8)   

M1-X3 (x2) 2.912(5) M2-X3 (x2) 2.522(4)   

M1-X3 (x2) 2.842(5) M2-X3 (x2) 2.437(5)   

[a] Estimated standard deviations in parentheses are shown once for each independent variable. 

Nd/Eu occupation factors were refined subject to the ideal stoichiometry. Anion occupancy 

factors were fixed to the ideal stoichiometry considering total disorder of nitrogen and oxygen 

atoms. 
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Table 2. Fractional atomic coordinates in space group Pmnb, cation 

occupancies and isotropic temperature factors for NdSrSiO3N from the 

refinement to Mo Kα1 diffraction data at 300 K (λ = 0.7093 Å). Cell 

parameters: a = 5.63074(9), b = 7.01658(10), c = 9.65765(15) Å. RBragg = 6.73% 

and Rwp = 7.90%.
[a]

 

atom site x y z B(Å2) occ. factor 

Nd1/ Sr1 4c 0.25 0.6599(5) 0.5762(4) 1.29(5) 0.216(2)/0.784 

Nd2/ Sr2 4c 0.25 0.0082(4) 0.3017(2) 1.29 0.784/0.216 

Si 4c 0.25 0.2170(13) 0.5922(13) 1.2(2) 1 

O1/N1 4c 0.25 0.004(3) 0.567(2) 1.9(3) 0.75/0.25 

O2/N2 4c 0.25 0.346(4) 0.437(3) 1.9 0.75/0.25 

O3/N3 8d 0.034(3) 0.277(2) 0.665(2) 1.9 0.75/0.25 

bond distance (Å) bond distance (Å) bond distance (Å) 

M1-X1 2.42(2) M2-X1 2.562(19) Si-X1 1.51(2) 

M1-X2 2.58(3) M2-X1(x2) 3.089(8) Si-X2 1.75(3) 

M1-X2 (x2) 2.819(14) M2-X2 2.71(3) Si-X3 (x2) 1.466(18) 

M1-X3 (x2) 3.071(15) M2-X2 2.57(3)   

M1-X3 (x2) 2.899(18) M2-X3 (x2) 2.582(15)   

M1-X3 (x2) 2.860(18) M2-X3 (x2) 2.564(16)   

[a] Estimated standard deviations in parentheses are shown once for each independent variable. 

Nd/Sr occupation factors were refined subject to the ideal stoichiometry. Anion occupancy factors 

were fixed to the ideal stoichiometry considering total disorder of nitrogen and oxygen atoms. 

Magnetic properties 

Figures 5a and 5b show the evolution with temperature of magnetic 

susceptibility of NdEuSiO3N and NdSrSiO3N respectively. The 

susceptibility of NdEuSiO3N can be well fitted above 10 K by a Curie-

Weiss law with a positive θCW = 2.7 K and an effective paramagnetic 

moment of μeff = 8.21 μB/f.u. In NdSrSiO3N the Curie-Weiss parameters 

obtained from the fit between 100 and 300 K are μeff = 3.97 μB/f.u. and 

θCW = −30.3 K, corresponding to localized 4f
3
 Nd

3+
 moments (ideal value 

3.62 μB) with antiferromagnetic interactions. The paramagnetic moment 

of NdEuSiO3N has the contribution of both Nd
3+

 and Eu
2+

 ions. 
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Assuming that the contribution of Nd
3+

 ions is the same that observed for 

NdSrSiO3N, the effective magnetic moment of Eu in NdEuSiO3N is  

μ𝑒𝑓𝑓
𝐸𝑢  = 7.14 μB/f.u (ideal value of Eu

2+
 7.94 μB/f.u). NdEuSiO3N orders 

ferromagnetically below Tc = 3 K whereas NdSrSiO3N does not show 

any magnetic transition down to 2 K. 

The magnetization field curve obtained at 2 K for NdEuSiO3N (Figure 6) 

shows a typical behavior of soft ferromagnets at low temperatures and 

the saturated magnetization at μ0H = 7 T is 7.75 μB/f.u. The Curie 

temperature of NdEuSiO3N is similar to those observed in other 

ferromagnetic europium silicates such as Eu2SiO4, that has been reported 

to show two different Curie temperatures for the monoclinic β form 

stable at room temperature, with Tc = 7 K 
23

 and the orthorhombic β-

K2SO4 polymorph stable at low temperatures with Tc = 5 K,
24

 and the 

layered oxynitridosilicate EuSi2O2N2 which is ferromagnetic below 4.5 

K.
25 

Higher Curie temperatures have been reported for nitridosilicates with 

condensed Si–N networks, such as chain-type Eu2SiN3 (13 K) 
26

 and the 

framework compound Eu2Si5N8 (24 K).
27

 The isostructural β-

K2SO4 compound LaEuSiO3N shows the same Tc = 3 K that 

NdEuSiO3N,
13

 as expected from the close similarities in the 

environments of magnetic Eu
2+

 cations for the two orthosilicates. 
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Figure 5. Dependence on temperature of (a) NdEuSiO3N and (b) NdSrSiO3N 

susceptibility (left axis) and its inverse (right axis) measured under a 5 

KOe magnetic field. Inset: Magnetic susceptibility at low temperature and under 

50 Oe of applied magnetic field. 

Optical properties 

The body color of NdEuSiO3N and NdSr0.5Eu0.5SiO3N is orange-brown, 

whereas NdSrSiO3N is pale blue and the NdSr0.98Eu0.02SiO3N sample 

showed a pale green color. The diffuse reflection spectrum of 

NdSrSiO3N sample shows sharp peaks corresponding to the transitions  

a

b
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Figure 6. Magnetization curves of NdEuSiO3N measured between 2 K and 50 

K up to 7 T. 

between f states of Nd
3+

 as well as a drop in reflection that starts at ca. 

400 nm (Figure 7a). The assigned levels of the observed f-f 

transitions,using the Dieke diagram and comparing the observed energies 

with those reported for other Nd
3+

 compounds are indicated on Figure 

8 and Table 3.
28,30

 The observed band gap in this compound, determined 

using the Kubelka-Munk function for a direct transition is 3.72 eV 

(Figure 7b). The linear regions in the Kubelka-Munk plots for an indirect 

band gap ([F(R)hν]
1/2

 vs E) were less defined than for the direct band 

case. The compounds NdEuSiO3N, NdSr0.5Eu0.5O3N and 

NdSr0.98Eu0.02SiO3N show Nd
3+

 f-f transitions at similar energies than 

those observed for NdSrSiO3N and smaller band gaps of 2.37 eV for the 

two samples with Eu contents x = 1 and 0.5 (Fig. 7a and b), and 3.64 eV 

for the sample with x = 0.02. The band gaps are similar to those observed 
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for the analogous lanthanum compounds, 3.83 and 2.35 eV for 

LaSrSiO3N and LaEuSiO3N respectively.
13 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 7. (a) Diffuse reflection spectra and (b) Kubelka-Munk plots for a direct 

band gap transition in NdEuSiO3N, NdSr0.5Eu0.5SiO3N and NdSrSiO3N. 
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Figure. 8. Energy levels assignments for the transitions from the 
4
I9/2 ground 

state of Nd
3+

 in NdSrSiO3N. 

Table 3. Energies of the transitions from the 
4
I9/2 ground state of Nd

3+
 in 

NdSrSiO3N. 

Transition E(cm−1) Transition E(cm−1) 
4I9/2⟶ 4F3/2 11278 4I9/2⟶ 4G9/2 18929 
4I9/2⟶ 4F5/2 12330 4I9/2⟶ 2G9/2 21128 
4I9/2⟶ 4F7/2 13303 4I9/2⟶ 2P1/2 22957 
4I9/2⟶ 4F9/2 14493 4I9/2⟶ (2P, 2D)3/2 25900 

4I9/2⟶ 2H11/2 15845 4I9/2⟶ 4D3/2 27778 
4I9/2⟶ 4G5/2 16855   

The emission spectra upon excitation at 405 nm of NdSr1-xEuxSiO3N 

samples with x = 0.02, 0.5 a 1.0 (Figure 9) consist of a broad band 

centered between 1.94 eV (639 nm) for x = 1.0 and 2.05 eV (605 nm) for 

x = 0.02 with three main components of different relative intensities in 

the three compounds, at wavelengths of 675, 610 and 570 nm. The best 
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fits of the deconvolution of the spectra are obtained with an additional 

component centered at 551 nm. The number of components is the same 

that in the emission spectra obtained upon excitation at 405 nm of the 

isostructural, β-K2SO4 oxynitrides, LaSr1-xEuxSiO3N, LaBa1-xEuxSiO3N 

and Sr2-xLaxSiO3+xNx that we reported previously.
12,13

 As in these 

oxynitrides and in Sr2SiO4:Eu
2+

,
7
 the two components at lower energy 

(black, dot-dashed curves) of NdSr1-xEuxSiO3N compounds can be 

assigned to the M1 site that Eu
2+

 occupies preferentially in NdEuSiO3N 

(or together with Sr
2+

 in the x = 0.02 and 0.5 compounds). 

The increase of the relative intensity shown by these bands as the 

europium concentration increases (Figure 9) is consistent with this 

assignment. The two components at higher energy (black, solid curves), 

are assigned to the 9-fold coordinated M2 site occupied by 75% Nd
3+

 and 

25% of Sr
+2

(Eu
+2

). As in previously reported isostructural lanthanum 

compounds, the two emission wavelengths observed for each site are a 

result of the mixed occupation by cations of different charges, which lead 

to different environments in the crystal field of the activator. The position 

of the lower energy band of NdEuSiO3N (675 nm) is shifted to the blue 

with respect to that found for LaEuSiO3N (705 nm). The position of the 

bands observed for LaSrSiO3N: Eu
2+

 and LaBaSiO3N:Eu
2+

 were found to 

be similar, hence they are not affected by the differences in bond 

distances between the two hosts that are a consequence of the smaller 

ionic radius of Sr
2+

 compared to Ba
2+

.
13
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Figure. 9. Emission spectra of NdSr0.98Eu0.02SiO3N, NdSr0.5Eu0.5SiO3N and 

NdEuSiO3N samples. 

The origin of the blue shift of the emission band in the neodymium 

compounds with respect to the lanthanum compounds is not clear and 

deserves further attention. Future studies on these and other 

LnMSiO3N:Eu
2+

 derivatives (Ln = Lanthanide; M = alkaline earth cation) 

are planned to provide more clues for the understanding of the electronic 

structure and luminescence properties of this family of oxynitrides. 

5.4. Conclusions 

In summary, these results show a new synthetic approach under N2/H2 of 

the oxynitridosilicate NdEuSiO3N and the new compound NdSrSiO3N 

that crystallize in the β-K2SO4 structure type. The study of magnetic 
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properties of these compounds shows that the Eu
2+

 cations are 

ferromagnetically coupled with a Tc comparable to analogous europium 

silicates, whereas in NdSrSiO3N the Nd
3+

 cations show antiferromagnetic 

interactions at low temperatures. The study of the optical 

properties demonstrates the potential of NdSrSiO3N as host 

for luminescent materials analogous to the phosphors M2SiO4:Eu
2+

 (M = 

Ca, Ba, Sr) but with longer emission wavelengths induced by the 

lower electronegativity of nitride anion compared to oxide. The europium 

samples in the solid solution NdSr1-xEuxSiO3N with x = 0.02, 0.5 and 1.0 

show a broad emission band upon activation at 405 nm, centered between 

605 and 639 nm with several components assigned to the occupancy by 

Eu
2+

 of two different sites in the structure, with the band of longer 

wavelength showing maximum intensity at 670 nm (orange red) for 

NdEuSiO3N. Further increase of emission color range in this family of 

compounds would be expected by substitution in NdSrSiO3N of Nd
3+

 by 

Ce
3+

, that should produce luminescent materials with broad emission 

bands, or by doping with Eu
2+

 or Ce
3+

 other unexplored LnSrSiO3N hosts 

with β-K2SO4 structure. 
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In this work we have developed a synthetic approach of new perovskite 

oxynitrides at temperatures between 1200 and 1700 
o
C in N2 or N2/H2 

(95%/5% V/V) atmospheres, controlling the anion content by the starting 

stoichiometric ratios of metal nitrides, oxides and oxynitride reactants. 

New oxynitridosilicates of rare earth and alkaline earth cations have been 

also prepared, as host structures to produce luminescent materials.   

The investigated oxynitrides with perovskite-type structures are formed 

by rare earth cations in the A positions and tantalum in the B sites. They 

exhibit different crystal symmetries according to the differences in size 

of the A and B cations and the oxidation state of the cations that are 

tuned by the stoichiometric ratio of oxygen and nitrogen. In the first part 

of Chapter 3, the synthesis, structural study and dielectric properties of 

LaTaON2 are reported. In the second part of this chapter, the synthesis 

and study of the simple perovskite EuTaO2.37N0.63 and the new triple 

perovskite Eu3Ta3O3.66N5.34 are discussed. In Chapter 4, we discuss the 

synthesis and characterization of new oxynitrides with Ruddlesden-

Popper R2TaO4-xNx (R = La, Ce, Eu, and Nd) structures. Finally, the 

synthesis and applications of oxynitride-type silicates NdSr1-xEuxO3N are 

discussed on Chapter 5.  

The syntheses of these oxynitrides are challenging because of several 

reasons. The lanthanide nitrides that are used as reactants are hygroscopic 

and decompose in ambient air with NH3 evolution, and the prepared 

oxynitrides easily decompose into oxides at high temperatures in 

presence of small amounts of oxygen or water. For this reason, the 

handling of the reactants and the samples have to be performed in a glove 
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box under recirculating Ar, the transfer of the samples to the reaction 

tube has to be done using Schlenk flasks, and oxygen and water 

scavengers such as Zr foil should be placed around the sample. High 

purity 99.9999 % gases are used, with concentration of water and oxygen 

below 0.5 and 0.1 ppm respectively, and the system should be evacuated 

to 10
-3

 torr and purged several times before starting the heating. The main 

advantage of the synthetic approach is the possibility of optimization of 

the O/N ratio in the starting mixture of oxides, oxynitrides and nitrides, 

while keeping the cationic stoichiometry, up to the obtention of a single 

phase sample. 

The perovskite LaTaON2 had been previously prepared by ammonolysis 

of LaTaO4, 
1
 or of mixtures of La2O3 and Ta2O5 (in presence of 

mineralizers),
2, 3

 or by ammonothermal synthesis starting from La, Ta, 

and NaNH2
4
 or NaN3

5
, at temperatures up to 950 

o
C. In this work, we 

report a new synthetic method at 1500 °C in N2 atmosphere that produces 

highly crystalline LaTaON2 after a short treatment time of only three 

hours, starting either from LaN and TaON or by a mixture of La2O3, 

LaN, and Ta3N5. We determined that nitrogen is lost during the synthesis, 

resulting in a final product LaTaO1+xN2−x with x values up to 0.35 atoms 

per formula,  which involves the concomitant reduction of part of Ta
5+

 to 

Ta
4+

 for charge compensation. In the second reaction a stoichiometric 

LaTaON2 (Ta
5+

) compound was obtained by using an excess of nitrogen 

modifying the molar ratio between La2O3 and LaN. Electron diffraction 

indicated that this compound shows a distorted monoclinic structure with 

space group I2/m. Refinement of synchrotron X-ray powder diffraction 

led the cell parameters a = 4.71458(7), b = 8.05987(10), c = 5.74772(6) 
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Å, and β = 89.982(3)º. Refinement of neutron diffraction data revealed 

that the order of oxygen and nitrogen differs from that observed when 

this compound is synthesized by other methods. The anions are located in 

three different sites, with oxygen and nitrogen present in all of them, and 

nitrogen occupies preferentially two positions with populations of 77% 

and 88%. The new high-temperature synthesis method produced highly 

sintered samples as confirmed by scanning electron microscopy, in 

contrast with poorly sintered samples prepared by ammonolysis. 

Electrical measurements showed that the samples had a dielectric 

permittivity of 200, which is similar to that reported for perovskite 

oxynitrides with one nitrogen for formula such as Sr2TaO2N or 

BaTaO2N. LaTaON2 is brown colored and shows a band-gap of 1.9 eV, 

which is very close to the value obtained in samples produced by 

ammonolysis. 

In the second part of Chapter 3, the synthesis of pseudocubic 

EuTaO2.37N0.63, and the new triple perovskite Eu3Ta3O3.66N5.34 are 

discussed. In previous reports EuTaO2N had been prepared by 

ammonolysis of EuTaO4 at a temperature of 950°C.
1, 6

 In this work, we 

used two different reactions at 1200 
o
C starting either with Eu2O3 and 

TaON, or with Eu2O3, EuN and Ta3N5,  performed in N2/H2 (95%75% 

V/V) and N2 respectively. The syntheses at temperatures above 1200 
o
C 

led to the formation of TaN, while lower temperatures prevented the 

completion of the reaction. In both cases the nitrogen content of the final 

sample is lower than in the initial mixture, involving the reduction of 

both cations: Eu
3+

 to Eu
2+

 and Ta
5+

 to Ta
4+

.  In the synthesis from Eu2O3 

and TaON the, analyzed stoichiometry of the product was 
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EuTaO2.37N0.63, indicating 100 % of reduction of Eu
3+

 to Eu
2+

 and 37 % 

of reduction of Ta
5+

 to Ta
4+

 (Eu
2+

(Ta
4+

0.37Ta
5+

0.63)O2.37N0.63).  The 

proportion of 100 % of Eu
2+

 in this sample was further confirmed by 

magnetic measurements. The large reduction of the cations in this case 

resulted from the presence of H2 in the gas. The highly nitrided new 

perovskite Eu3Ta3O3.66N5.34 was prepared using the reaction: 

(3-y)/2 Eu2O3 + y EuN + Ta3N5  ⟶ 3 EuTaO3-xNx 

under N2. As in previous reactions we also observed a nitrogen loss with 

respect to the initial N/O ratio, and an excess of nitrogen was optimized 

by changing the ratio Eu2O3/EuN up to obtaining a single phase sample. 

Electron diffraction revealed that Eu
2+

(Ta
4+

0.37Ta
5+

0.63)O2.37N0.63 is a 

simple cubic perovskite crystallizing in the Pm-3m space group with a = 

4.02043(1) Å, as refined from synchrotron X-ray powder diffraction data.  

In contrast, Eu3Ta3O3.66N5.34, which is formally mixed valence 

Eu
3+

2.34Eu
2+

0.66Ta3O3.66N5.34,  is the first example of a triple perovskite 

oxynitride and crystallizes in the space group P4/mmm with cell 

parameters a = 3.99610(2) Å and c = 11.96238(9) Å. The tripling of the c 

axis is a consequence of the order of Eu
2+

 and Eu
3+

, which have different 

occupancies at two sites of the tetragonal structure. The new perovskite 

was studied by neutron powder diffraction and scanning transmission 

electron microscopy (STEM) that confirmed the structural model refined 

from synchrotron X-ray powder diffraction. Both EuTaO2.37N0.63 and 

Eu3Ta3O3.66N5.34 are ferromagnetic with Curie temperatures of 7 K and 3 

K, respectively.  
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We have also obtained new oxynitride perovskites that are the first 

examples of rare earth transition metal oxynitrides with n=1 Ruddlesden-

Popper structure, and show different anion stoichiometries, crystal 

structures and magnetic properties.   R2TaO4-xNx with R = La, Ce, Nd, 

and Eu were prepared using the following reactions at high temperature 

under N2: 

(1) (3-y) R2O3 + 2y RN + Ta3N5  ⟶ 3 R2TaO4-xNx for R= La, Nd and Eu  

(2) 2 RN + 1/8 Ta3N5 + 5/8 TaON ⟶ R2TaO4-xNx for R=Ce. 

at temperatures between 1200 
o
C (for R=Eu) to 1700 

o
C (for R=La), 

optimized in each case to minimize the presence of aside phases. As in 

the other syntheses performed in this thesis, the nitrogen content in the 

initial mixture was adjusted by varying the proportion of oxides and 

nitrides up to obtaining the targeted compound. In all cases the analyzed 

stoichiometries indicated a nitrogen deficiency with respect to that 

corresponding to the cations in maximum oxidation states R
3+

 and Ta
5+

, 

R2TaON3: 2.69(3), 2.81(3), 2.54(3) and 1.20(3) atoms per formula for 

R=La, Ce, Nd and Eu respectively. Electron diffraction showed that the 

compounds of La, Ce and Nd crystallize in the Pccn space group with 

cell parameters a = 5.72949(2) Å, b = 5.73055(5) Å, and c = 12.77917(6) 

Å for La2TaO1.31N2.69; a = 5.70500(5) Å, b = 5.71182(4) Å, and c = 

12.61280(7) Å for Ce2TaO1.19N2.81; and a = 5.70466(3) Å, b = 5.70476(5) 

Å, and c = 12.32365(5) Å for Nd2TaO1.46N2.54, as refined from 

synchrotron X-ray powder diffraction data. Eu2TaO2.80N1.20 showed a 

lower nitrogen content and a tetragonal structure with the I41/acd space 
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group. For Ce2TaO1.19N2.81, neutron diffraction measurements revealed 

anion order with c.a. 100 % of occupancy of nitrogen at the equatorial 

sites of the Ta octahedron and 50% of each anion at the axial sites. The 

compounds Ce2TaO1.19N2.81 and Eu2TaO2.80N1.20 exhibit magnetic order 

at temperatures below 4 K and 8 K respectively, whereas the Nd 

compound remains paramagnetic down to 2 K. 

The oxynitride-type silicates NdSr1-xEuxO3N (0 ≤ x ≤ 1) have been 

synthesized at temperatures ranging between 1500 and 1350 °C under 

N2/H2 gas, starting with Nd2O3, SrO, EuN and Si3N4. These compounds 

have a β-K2SO4 type structure with space group Pmnb. Rietveld 

refinement of X-ray diffraction data lead the cell parameters a = 

5.62293(1) Å, b = 7.02285(1) Å, and c = 9.64784(2) Å for NdEuSiO3N 

phase, and a = 5.63074(9) Å, b = 7.01658(10) Å, and c = 9.65765(15) Å 

for NdSrSiO3N. The M1 position of the -K2SO4 structure is 

predominantly occupied by 80% of europium or strontium, and 20% by 

neodymium, while the M2 position is mainly occupied by 80% of 

neodymium and 20% by the other cations. NdEuSiO3N exhibits 

ferromagnetism at temperatures below 3 K, while NdSrSiO3N shows 

antiferromagnetic interactions at low temperatures. The europium-

containing materials NdEuSiO3N, NdSr0.5Eu0.5SiO3N, and 

NdSr0.98Eu0.02SiO3N are orange-brown colored, while NdSrSiO3N is pale 

blue. The determined band gaps from diffuse reflection spectroscopy are 

2.37 eV for NdEuSiO3N and 3.72 eV for NdSrSiO3N. Under excitation at 

405 nm, the europium compounds show luminescence with broad 

emission bands centered in the range from 570 to 675 nm.  
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To summarize, the principal contribution of this thesis is the development 

of synthetic approaches for the preparation of new oxynitride materials 

containing rare earth metals with diverse applications. The main novelty 

in the synthesis is the control of the nitrogen stoichiometry by varying 

the initial N/O ratio, which provides a great flexibility for the obtention 

of new compositions with controlled degree of nitriding and highly 

crystalline samples. The method is simple and advantageous, and consists 

in heating mixtures of binary oxides and nitrides up to high temperatures 

under non-toxic N2 or N2/H2 gases, using very short reaction times of 

typically three hours. The rare earth nitride reactants provide an 

important source of nitrogen that is crucial in the syntheses under N2, as 

this gas is not as nitriding as NH3 used in the standard ammonolysis 

reactions reported in previous works by different groups. The new 

synthetic approach has led to the discovery of several perovskite-related 

compounds that, in addition to the investigated electrical and magnetic 

properties, show potential interest in other fields, such as visible light 

photocatalysis for different reactions. The new oxynitridosilicates, 

prepared by a similar method are interesting luminescent materials; 

substitution of Nd
3+

in the same hosts by other cations such as Ce
3+

 may 

increase the emission color range providing a way to explore new 

phosphors. 
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This thesis has focused on the synthesis and study of new oxynitride 

materials with electronic properties. The main contributions can be 

summarized as follows:  

We have developed a new synthesis approach for the perovskite 

LaTaON2, that had been previously investigated as a visible light 

photocatalyst in water splitting. We used two solid state reactions at 1500 

o
C under N2 gas, starting with mixtures of LaN and TaON or La2O3, 

LaN, and Ta3N5. The obtained samples with composition LaTaO1+xN2-x 

showed some nitrogen deficiency, up to x=0.35 when TaON was used as 

reactant, implying the partial reduction of Ta
5+

 to Ta
4+

. In the second 

reaction the stoichiometric compound LaTaON2 was obtained increasing 

the proportion of nitrogen in the mixture of La2O3, LaN, and Ta3N5. It 

crystallizes in the I2/m space group, with unit cell parameters a = 

5.71458(7) Å, b = 8.05987(10) Å, and c = 5.74772(6) Å. Neutron 

diffraction experiments showed that this new synthesis method results in 

a different anion distribution compared to LaTaON2 prepared by 

ammonolysis of LaTaO4 at 950 
o
C previously reported. The oxide and 

nitride anions occupy the three sites 4i, 4g and 4h of the I2/m structure, 

but nitrogen preferentially occupies two of these sites (4i and 4g). The 

samples show a high degree of sintering with particle sizes up to 1 m, 

which are much larger than those obtained in the samples prepared by 

ammonolysis. The determined dielectric permittivity r ≈ 200, reported 

for the first time, is similar to the values reported for other perovskite 

oxynitrides with one nitrogen per formula.  
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We report the synthesis and study of new perovskite oxynitrides of 

europium and tantalum. EuTaO2.37N0.63 was synthesized with a reaction 

similar to that used for LaTaON2, by treating a mixture of Eu2O3 and 

TaON at 1200 °C under N2/H2 (95%/5% V/V). The reaction between 

Eu2O3, EuN and Ta3N5 under N2 at the same temperature led the new 

nitrogen rich compound Eu3Ta3O3.66N5.34. The first compound, with 

formal composition  Eu
2+

Ta
4+

0.37Ta
5+

0.63O2.37N0.63, adopts a simple cubic 

Pm-3m perovskite structure with parameter a=4.02043(1) Å, while the 

second phase, with composition Eu2.34
3+

Eu0.66
2+

Ta3O3.66N5.34 crystallizes 

in a triple perovskite structure with the P4/mmm space group and unit 

cell parameters a = 3.99610(2) Å and c = 11.96238(9) Å. The 

superstructure that triples the c axis in Eu3Ta3O3.66N5.34 is a consequence 

of the order of Eu
3+

 and Eu
2+

 in two different positions of the P4/mmm 

structure. These perovskites exhibit ferromagnetism with Curie 

temperatures of 3 K and 8 K, respectively. The lower Tc for 

Eu3Ta3O3.66N5.34 is attributed to the presence of non-magnetic Eu³⁺. 

New perovskites with a n=1 Ruddlesden-Popper type structure and 

general formula R₂TaO4-xNx (R = La, Ce, Nd, and Eu), were prepared at 

temperatures ranging from 1200 to 1700 °C in nitrogen flow. R₂O₃, 

Ta₃N₅, and the nitrides RN were used for the synthesis of La, Nd, and Eu 

compounds, whereas for the Ce compound, TaON was used as oxygen 

source, together with CeN. The La, Ce and Nd compounds crystallize in 

the Pccn space group, with a = 5.72949(2) Å, b = 5.73055(5) Å, and c = 

12.77917(6) Å for La₂TaO1.31N2.69; a = 5.70500(5) Å, b = 5.71182(4) Å, 

and c = 12.61280(7) Å for Ce₂TaO1.19N2.81; and a = 5.70466(3) Å, b = 

5.70476(5) Å, and c = 12.32365(5) Å for Nd2TaO1.46N2.54. 
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Eu2TaO2.80N1.20 was obtained by using a lower amount of nitrogen in the 

initial mixture and shows a tetragonal structure with I41/acd space group 

and cell parameters a = 5.71867(2) Å and c = 25.00092(19) Å. In the La, 

Ce and Nd oxynitrides the nitrogen deficiencies involve the partial 

reduction of Ta
5+

 to Ta⁴⁺.  Deviations from the cubic symmetry in these 

compounds are a consequence of octahedral tilting. The different crystal 

structure of Eu2TaO2.80N1.20 is caused by the reduced oxidation state 

Eu
2+

, with larger ionic radius than La
3+

, Ce
3+

 and Nd
3+

.  According to the 

refinement of neutron diffraction data, Ce2TaO1.19N2.81 shows anion 

order, with nitrogen located in the equatorial positions of the tantalum 

octahedron and nitrogen and oxygen (50/50) occupying the axial sites. 

The Ce and Eu compounds show magnetic order at low temperatures, 

while the Nd compound is paramagnetic down to low temperatures. 

The new oxynitridosilicates NdEuSiO3N and NdSrSiO3N were prepared 

at 1350 °C and 1500 °C, respectively, under N2/H2 (95%/5% V/V), 

starting from mixtures of Nd2O3, Eu2O3, Si3N4, and SrO. These 

compounds adopt a β-K₂SO₄-type structure and crystallize in the space 

group Pmnb.  They show the cell parameters a = 5.62293(1) Å, b = 

7.02285(1) Å, and c = 9.64784(2) Å for NdEuSiO3N, and a = 5.63074(9) 

Å, b = 7.01658(10) Å, and c = 9.65765(15) Å for NdSrSiO3N. 

NdEuSiO3N is ferromagnetic with a Tc of approximately 3 K, while 

NdSrSiO3N shows antiferromagnetic interactions at low temperatures. 

The band gaps of the europium compounds NdEuSiO3N and 

NdSr0.5Eu0.5SiO3N are 2.37 eV, while the undoped compound 

NdSrSiO3N has a band gap value of 3.72 eV. NdSr0.98Eu0.02SiO3N, 

NdSr0.5Eu0.5SiO3N, and NdEuSiO3N show broad emission bands in the 
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605–639 nm range when activated under 405 nm blue light, with two 

main components due to Eu²⁺ occupying two different positions, M1 and 

M2, with different coordination numbers.  
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Figure S1. Low magnification scanning electron microscopy image of 

LaTaON2 prepared at 1500 
o
C with reaction (1). 

 

 

 

 

 

 

Figure S2. X-ray powder diffraction pattern (Cu karadiation) of a sample of 

LaTaON2 prepared by route (1) showing TaN (*) and La2O3 (∘) impurity peaks. 
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Figure S3. Observed and calculated synchrotron X-ray powder diffraction 

patterns of LaTaO1.12N1.88. Upper and lower reflection markers are respectively 

for LaTaO1.12N1.88 and hexagonal P6/mmm TaN. The inset shows the high Q 

region enlarged. 

 

 

 

 

 

 

Figure S4. Observed and calculated neutron powder diffraction patterns of 

LaTaO1.12N1.88. Upper and lower reflection markers are respectively for 

LaTaO1.12N1.88 and vanadium from the sample environment. 
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Figure S5. Dielectric permittivity of LaTaON2. Raw data and data calculated 

using effective density of 50 % and the Bruggeman (BG) model.
1 
It can be seen 

that the low temperature permittivity increases significantly from a measured 

value of c.a. 200 up to c.a.790 after correction by density. The BG correction is 

well stablished and its limitations are known; for instance, when pores are not 

isotropic the BG expression should be adapted ad-hoc. However, porosity not 

only affects the effective permittivity as described by the BG or related models, 

but it also affects the effective surface area of the electrodes which will reduce 

again the permittivity. Indeed, the effective surface can be significantly larger in 

presence of pores, particularly when conformal metallic coatings are used to 

prepare metallic electrodes. An increase of electrode surface due to porosity 

leads to a decrease of the effective permittivity that may counterbalance to some 

extent the increase caused by the correction by density. Accurate determination 

of both competing effects is beyond the scope of this manuscript. For these 

reasons, in the main paper we show the raw permittivity data. 
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Figure S6. a) Electrical resistivity ρ(T) for LaTaO1.12N1.88 and b) permittivity r 

recorded at various frequencies for LaTaO1.27N1.73. 

 

 

 

 

 

Figure S7. The dielectric tangent loss (tan ) as a function of temperature for 

selected frequencies is shown for LaTaON2 (a) and LaTaO1.18N1.82 (b) 

respectively. For LaTaON2, tan  is roughly constant for all frequencies, and it 

is larger at low frequency due to the contribution of small but sizeable electrical 

conductivity of the sample. For LaTaO1.18N1.82, tan  evidences a frequency 

dependent peak at around 250K indicating Maxwell-Wagner relaxation process. 

The tan  values are also greater in the latter case, because the sample shows 

larger conductivity. 
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Table S1. Summary of the I2/m model for LaTaO1.12N1.88 refined against room 

temperature synchrotron X-ray powder diffraction data using  0.41322 Å. 

Cell parameters: a= 5.716527(14), b= 8.059731(16), c= 5.741623(11) Å, 

=90.0036(3)º. RBragg= 3.74 %,  Rwp= 11.2 %, 
2
=1.81. 

[a] 
The O/N occupancies 

were fixed to the values obtained from neutron diffraction. 

Atom site x y z B(Å2) occupancy (O/N) 

La 4i 0.7511(7) 0 0.2465(2) 0.664(7)  

Ta 4e 3/4 1/4 3/4 0.525(5)  

Y1 4i 0.729(5) 0 0.6781(17) 1.07(11) 0.296/0.704 

Y21 4g 0 0.781(4) 0 1.07 0.164/0.836 

Y22 4h 1/2 0.208(3) 0 1.07 0.662/0.338 

bond  distance (Å) bond distance(Å) bond distance(Å) 

La-Y1   2.481(10) 

2.78(3) 

3.00(3) 

3.266(10) 

La-Y21  2.67(2) x 2 

3.05(2) x 2 

 

La-Y22 2.622(16)  x 2 

3.111(18)  x 2 

Ta-Y1 2.060(3) x 2  Ta-Y21 2.041(4)  x 2    Ta-Y22 2.054(4)  x 2 

La-Y1 2.481(10) 

2.78(3) 

3.00(3) 

3.266(10) 

La-Y21 2.67(2) x 2 

3.05(2) x 2 

 

La-Y22 2.622(16)  x 2 

3.111(18)  x 2 

Ta-Y1   2.060(3) x 2  Ta-Y21   2.041(4)  x 2    Ta-Y22 2.054(4)  x 2 

Bond Angles(o):     Ta-Y1-Ta   155.91(10)      Ta-Y21-Ta   165.94(16)      Ta-Y22-Ta   161.03(16) 

 [a] Estimated standard deviations in parentheses are shown once for each independent 

variable. 
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Table S2. Summary of the I2/m model for LaTaO1.12N1.88 refined against room 

temperature neutron powder diffraction data using 1.86502 Å. Cell 

parameters: a= 5.71668(5), b= 8.05939(8), c= 5.74188(5) Å, =89.982(3)º. 

RBragg= 4.34 %,  Rwp= 2.56 %, 
2
=6.02. 

[a] 

atom site x y z occupancy (O/N) Atom 

La 4i 0.75178(14) 0 0.2477(4)  La 

Ta 4e 3/4 1/4 3/4  Ta 

Y1 4i 0.7338(12) 0 0.6817(3) 0.296(6)/0.704 Y1 

Y21 4g 0 0.7764(3) 0 0.164(11)/0.836 Y21 

Y22 4h 1/2 0.2041(4) 0 0.662(12)/0.338 Y22 

bond distance (Å) Bond distance (Å) bond distance (Å) 

La-Y1 2.495(3) La-Y21 2.699(2) x 2 La-Y22 2.608(2) x 2 

 2.805(7)  3.022(2) x 2  3.131(2)  x 2 

 2.969(7)     

 3.251(3)     

Ta-Y1 2.0547(5) x 2 Ta-Y21 2.0371(3) x 2 Ta-Y22 2.0588(4) x 2 

Bond Angles(o): Ta-Y1-Ta   157.410(18)  Ta-Y21-Ta   168.009(12)    Ta-Y22-Ta   159.298(18) 

[a] Estimated standard deviations in parentheses are shown once for each independent 

variable. Isotropic thermal parameters were common for all sites and refined to 0.26(4) 

Å
2
. 
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Figure S1. Electron diffraction patterns of La2TaO1.31N2.69. Yellow circles 

indicate multiple diffraction reflections. 
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Figure S2. Electron diffraction patterns of Nd2TaO1.46N2.54. Yellow circles 

indicate multiple diffraction reflections. 

 

 

 

 

 

Figure S3. Magnetization plotted in front of μ0H/T at different temperatures for 

a) Eu2TaO2.80N1.20 and b) Ce2TaO1.19N2.81. The lack of scaling of the curves 

proves that magnetization does not follow a Langevin nor a Brillouin function 

that describe paramagnetism. 
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Table S1. Summary of the Pccn model refined against room temperature 

synchrotron X-ray powder diffraction data for Ce2TaO1.19N2.81 (=0.41784 Å). 

Refined cell parameters and agreement factors are: a=5.76215(5), 

b=5.76903(4), c=12.73914(7) Å. V= 423.475(5) Å
3
.
 
RBragg= 5.54%, Rwp= 9.68 

%. 
[a] 

Atom site x y z B(Å 2) occupancy 

Ce 8e 0.4958(4) 0.0089(4) 0.1428(4) 0. 565(9) 1 

Ta 4a 0 0 0 0.996(16) 1 

O1/N1 8e 0.03090 0.04010 0.17037 2.29(15) 0.498/ 0.502 

O2/N2 4c 0.25 0.25 0.4800 2.29 0.070/ 0.930 

O3/N3 4d 0.25 0.75 0.0011 2.29 0.124/0.876 

Bond distance (Ȧ) bond distance (Ȧ) bond distance (Ȧ) 

Ta-O1,N1 2.190x2 Ta-O2,N2 2.054x2 Ta-O3,N3 2.039x 2 

Ce-O1,N1 2.405(1) Ce-O1,N1 2.630(2) Ce-O1,N1 2.708(2) 

Ce-O1,N1 3.109(3) Ce-O1,N1 3.190(3) Ce-O2,N2 2.612(2 

Ce-O2,N2 2.871(2)) Ce-O3,N3 2.728(2) Ce-O3,N3 2.738(2) 

[a] Estimated standard deviations in parentheses are shown once for each 

independent variable.  The temperature factors were common for the three anions 

sites. Average bond distances: Ta-O,N 2.094 Ȧ; Ce-O,N 2.777 Ȧ. 
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