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Abstract: Phase-pure tantalum/zirconium oxide nitrides
and nitrides were synthesized by the ammonolysis of
amorphous oxide precursors. The nitrogen-rich oxide
nitrides with variable anion composition and the nitride
TaZrN, crystallize in the cubic bixbyite-type structure
(space group Ia3). The nitrogen content of these com-
pounds has a significant influence on the cell parameters,
the atomic positions, and the optical band gap. The results
extend the already well-studied Ta-Zr-O-N system by
new oxide nitrides in addition to the already known bad-
deleyite- and anosovite-type phases. TaZrN, can be con-
sidered as a thermodynamically stable ternary variant of
metastable Ta N..

Keywords: bixbyite; nitride; oxide nitride; tantalum;
zirconium.

1 Introduction

Ternary transition metal oxide nitrides are interesting
materials with relatively low complexity and therefore
predestinated for investigations of structure-property cor-
relations. In addition, they offer a wide range of applica-
tions. For example, tantalum- or zirconium-based oxide
nitrides are promising photocatalysts [1, 2], nontoxic color
pigments [3], and fast ion conductors [4]. Consequently,
the investigation of phases, including both metals,
oxygen, and nitrogen, may offer a wider range of interest-
ing materials.

Ionic-covalent zirconium oxide nitrides belong to
the quasi-binary system ZrO-Zr,\N,. They are generally
described by the formula ZrO,, N, . and are structurally
derived from fluorite-type ZrO,, the high-temperature
polymorph of zirconia. A series of oxygen-rich B-type
phases (B: Zr,O\N,; B": Zr,0 N,; B”: Zr, O,.N, ) [5-9] are

supplemented by a nitrogen-rich y-phase (Zr,ON,) [5-7],
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crystallizing in the cubic bixbyite-type structure. A more
detailed overview concerning this system was conducted
by Lerch [10]. An intergrowth of ZrO, and Zr,ON,, resulting
in the formation of Zr,0N, [11], and the incorporation of
small amounts of Ta,0, into zirconium oxide nitrides have
also been investigated [12]. The hitherto reported nitrides
of zirconium are ZrN [13, 14] and ZrN, [15, 16]. A cubic
high-pressure polymorph of Zr,N, also exists [17].

On the other hand, the ionic-covalent oxide nitride of
tantalum(V), TaON, is more stoichiometrically restricted
and crystallizes in various AX, structure types. The ther-
modynamically stable polymorph is called B-TaON, crys-
tallizing in the monoclinic baddeleyite-type structure [18].
Sometimes it is referred to be a nitrogen-rich analogue to
monoclinic ZrO, (m-ZrO,). Two metastable polymorphs
have been prepared so far: y-TaON [19], which crystallizes
in the monocline crystal system in the VO,(B)-type struc-
ture, and 6-TaON, which exhibits the tetragonal anatase
type [20, 21]. A high-pressure polymorph with cotunnit-
type structure has been synthesized as well [22]. In addi-
tion, the existence of a further tantalum(V) oxide nitride,
Ta,0.N [23], has been proposed. By contrast, the variety
of the nitrides is significantly higher. The compounds
Ta,N, [24], Ta,N, [25], Ta,N, [25], and Ta,N, [26-29] belong
to the group of nitrogen-rich nitrides. Ta,N, crystallizes,
comparable with Zr,ON,, in the bixbyite-type structure
[28, 29]. High-pressure polymorphs of Ta,N, and Ta N, are
also described in literature [30, 31]. Additional nitrides
can be separated into two different categories: solid solu-
tions of nitrogen in tantalum metal (o. phase) with a corre-
lated superstructure of this type [32-34], the f-Ta,N phase
[32-36], and three different mononitrides (8-, -, 6-TaN)
[37-39].

It is remarkable that the quaternary system Ta-Zr—
O-N has also been investigated in detail. The first publica-
tion about this topic was presented by Schénberg in 1954
[40], and the most comprehensive work was presented by
Grins et al. [41]. They reported on synthesis and charac-
terization of phase-pure baddeleyite- and anosovite-type
phases, which can be derived from m-ZrO,/B-TaON and
Ta,N,, respectively. In addition, a cubic and an orthorhom-
bic phase, both obtained as side phases, have also been
reported. Unfortunately, a detailed description of those
phases was not possible. Investigations regarding the
optical properties of the phase-pure baddeleyite- and
anosovite-type compounds were presented later [42, 43].
The existence of a high-pressure polymorph of TaZrO,N
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was studied theoretically [44]. Literature about ternary
nitrides of tantalum and zirconium is restricted to (Ta, Zr)
N thin films or alloys with an even lower nitrogen content
(for example, see [45, 46]). To our knowledge, ternary
ionic-covalent nitrides have not been reported so far.

Obviously, a more detailed investigation of the system
Ta—Zr—0O-N should be worth the efforts. In particular, the
search for new metastable compounds was one of the main
intentions for the present work. Our synthesis of metasta-
ble 5-TaON powder was based on the preparation of partly
cation-substituted compounds such as Mg, . Ta O, N ..
[47] or Sc, . Ta ,O,, N, [48] with a similar crystal struc-
ture type. The preparation of these quaternary compounds
was much easier compared with the ternary phase because
the anatase structure is stabilized by small amounts of
incorporated aliovalent cations. The development of syn-
thesis routes to these quaternary phases has to be consid-
ered as an indispensable prerequisite for the successful
preparation of TaON in the anatase type. Results of quan-
tum-chemical calculations suggest the existence of at least
two more polymorphs with rutile- and fluorite-type struc-
tures, respectively [49]. Rutile-type ScTa,0,N has already
been synthesized and might be a first step to the ternary
analogue [50]. Consequently, we expand this approach to
zirconium as an additional cation, in a search of new ionic-
covalent phases in the system Ta—-Zr-O-N.

2 Experimental section

Precursors were prepared by a modified Pechini sol-gel
route [51, 52]. This method allows the synthesis of amor-
phous Ta-Zr oxides by using metal-citrate solutions and
ethylene glycol as gelling agent. TaCl, (99.999%, Sigma
Aldrich, St. Louis, MO, USA) and ZrCl, (99.99%, Sigma
Aldrich) were mixed in the required ratios and dissolved
in a citric acid-ethanol solution. Citric acid was used in
a 12-fold molar excess to the cations. Ethylene glycol in a
molar excess of 17 times the cations was added to the solu-
tions. These mixtures were vaporized at temperatures up
to 523 K. The formed gels were then calcined in a corun-
dum crucible at temperatures up to 723 K, resulting in
colorless X-ray amorphous powders of the mixed oxides.

Nitrides and oxide nitrides were synthesized via
an ammonolysis reaction of these precursors in a tube
furnace with dry ammonia at temperatures of 1073-1223 K
for 3-12 h and ammonia flow rates of 10-20 L h™.

A PANalytical X’Pert MPD Pro instrument (Almelo,
Netherlands) was used for XRD measurements at ambient
temperature. This powder diffractometer operates with a
Cu anode and without a monochromator (Cu-K(X radiation,
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ll=154.060 pm, ﬂ.z=154.443 pm, I(iz)/1(11)=0.5) at 40 kV
and 40 mA. Additional data were collected on a RIGAKU
(Tokyo, Japan) SmartLab 3 kW system equipped with a
Cu anode X-ray tube (40 kV and 30 mA) and a K , unit
(Johansson-type Ge crystal) monochromator (Cu-Km radi-
ation, 1 =154.060 pm). Rietveld refinements were carried
out using the program FULLPROF 2000 (Grenoble, France)
[53]. Profiles were fitted with a pseudo-Voigt profile shape
function. The backgrounds were fitted with various points
with refinable heights.

A LECO TC-300/EF-300 N/O hot gas extraction ana-
lyzer (Saint Joseph, MI, USA) was used for the determi-
nation of nitrogen and oxygen contents of the samples.
Zr0, and special steel (Saint Joseph, MI, USA) were used
as standard materials. The accuracy is ca. 2% of the N/O
contents present.

UV/Vis measurements were performed on a VARIAN
(Palo Alto, CA, USA) Cary 300 Scan UV/Vis spectropho-
tometer in diffuse reflectance mode. Barium sulfate
(Sigma-Aldrich) was used as reference. The measured
diffuse reflectance spectra were converted by the Kubelka-
Munk function to absorbance spectra. The optical band
gaps were determined by the Tauc plot method [54, 55].

3 Results and discussion

As generally described in the experimental part, mixed
amorphous Ta/Zr oxides consisting of 95, 85, 66.6, 50, or
33.3 cation% Ta were prepared. The cation ratios of these
precursors were confirmed by X-ray fluorescence spectro-
scopy. Although the ammonolysis of precursors with
low Zr contents resulted only in the formation of already
known baddeleyite- and anosovite-type phases, some
samples with low Ta contents show crystal structures yet
unknown for this system.

The ammonolysis of precursors with Ta contents of
33.3, 50, or 66.6 cation%, performed at 1073 K, resulted
in phase-pure powders of oxide nitrides or nitrides with
cubic bixbyite-type structure (Ia3). Structural similarities
to bixbyite-type Zr,ON, are apparent. Samples synthesized
at lower temperatures contain side phases with badde-
leyite-type structure. Additional tests with 70 cation%
Ta were performed as well, but an anosovite-type phase
was an unavoidable byproduct. It can be assumed that
this series can be expanded to Ta contents lower than 33.3
cation% with Zr,ON, as the final member.

The ideal bixbyite structure can be described as a
2x2x2 superstructure of the fluorite type where one
quarter of the anions is removed [56-59]. Cations are
located on 8a and 24d sites, anions on a 48e site (and the
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vacancies on a 16c site). The cations are coordinated octa-
hedrally by anions, and the anions are tetrahedrally sur-
rounded by cations. A graphical presentation is shown in
Fig. 1. One characteristic of this structure type is the possi-
ble partial occupation of the vacancies by anions, leading
to A X, (0 £1) compositions. This observation has already
been made for UN, [60, 61], Zr,ON, [62], and vanadium
oxide nitrides [63].

In the system Ta-Zr-O-N, compounds between
ZrON,/ZrO, and TaZrN,/TaZrON can be described
with the general formula TaHZrHXOMy/ZN}H (0<x<1,
0<y<2). From a formal point of view, it should be possi-
ble to prepare 1:1 phases in the range from TaZrN, (6=0) to
TaZrO,N (6 =1). For a Ta:Zr ratio of 1:2, the following range
can be calculated: Ta  _Zr .O..N -Ta Zr 0. N

0.67""71.33 7 0.33" "2.67 0.67771.33 73337 067
The range Ta . .Zr N, -Ta _Zr. O, N _ can be expected

1.33770.677 3.1 1.33770.67 72677 133
for a ratio of 2:1, which can be generalized to the formula
Ta, Zr O, N, .. (0<£x<0.33,0<y<2-2x/3). Without the
x restriction (no phase-pure samples could be obtained for
x>0.33), the series could be continued for x=1to Ta, N,
(y=0) and the corresponding phase Ta,0,N, (y=1.33), or
simply TaON. As mentioned previously, quantum-chemi-
cal calculations indeed predict a metastable polymorph of
TaON with fluorite-type structure [49]. This polymorph is
expected to be ca. 80 kJ-mol less stable compared with
B-TaON, making a successful synthesis unlikely.

By variation of the synthesis parameters, it was possi-
ble to produce samples with different amounts of nitrogen

and oxygen. For a 1:1 cation ratio, phase-pure phases in
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Fig. 1: Crystal structure of the bixbyite-type tantalum zirconium oxide
nitrides. Only two of 16 possible vacancies (Vac) have been marked.
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therangeTa, ,Zr, O, N, -Ta, Zr, O N werefound,
corresponding to a y range of 0 <y <1.11. For the other two
ratios, compounds Ta  Zr, O N -Ta Zr O N

0.67771.33 7 042" "2.61 0.677 7133 7 1.89" '1.63

(0'06Sy S1'04) and Tal.33Zr0.6700.12N3.03_Ta1.332r0.6700.30N2.91
(0.08 <y<0.20) were obtained. For simplicity, we mainly
concentrate the following structural discussion on the
compounds with a cation ratio of 1:1. Several reasons
favor this choice: For Ta:Zr ratios larger than 1, it is not
possible to prepare phases of the ideal A X, composition.
Also the formation of anosovite-type side phases, which
can be derived from TaN,, is favored by high amounts
of tantalum. We do not focus on Ta-poor phases because
exclusively the 1:1 series principally allows the synthesis
of a pure nitride bixbyite-type compound with ideal A X,
composition (TaZrN,). This nitride was indeed obtained
in addition to various oxide nitrides. The X-ray powder
pattern of TaZrN, together with the results of the Riet-
veld refinement is depicted in Fig. 2. Refined structural
parameters for the nitride and the phases with the highest
nitrogen content obtained for the other investigated cation
ratios (Ta:Zr) of 2:1 and 1:2 are presented in Table 1. For
comparison, some details for Zr,0ON, are also implemented
in Table 1 [62]. The corresponding atomic parameters for
TaZrN, are presented in Table 2.

Further details of the crystal structure investigation
may be obtained from FIZ Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany (fax: +49 7247 808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the deposition
number CSD-432434.

In TaZrN,, the octahedra around (Ta/Zr)1 have cation-
anion bond lengths of 217.3(8) pm. By contrast, the (Ta/
Zr)2(O,N), polyhedra show values between 204.9(8) and
221.4(8) pm. The average bond length of 214.2 pm agrees
with the sums of the ionic radii of the elements (Ta*:
64 pm; Zr*: 72 pm; N*~: 146 pm) [64] and is almost exactly

R e

) g I'Ié EHSS

20 40 60 80 100 120
26 / deg
Fig. 2: X-ray powder diffraction pattern (Cu-K_ radiation) of TaZrN,
with results of the Rietveld refinement (red: measured; black: calcu-
lated; green: Bragg-reflection positions; blue: difference between
measured and calculated).
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Table 1: Results of the Rietveld refinements for selected bixbyite-type phases in comparison with results for Zr,ON..
Compound ZI’ZONZa TaO.67zr143300.42N2.61 TaerB Ta1.332r0.6700.12N3.03
Ta:Zr 1:2 1:1 2:1
Structure type Bixbyite
Space group Ia3 (No. 206)
Crystal system Cubic
z 16
a(pm) 1013.32 1001.20(4) 995.17(4) 991.50(5)
V(108 pm3) 1040.5 1003.62(7) 985.59(6) 974.73(8)
Py (8 CM™) 5.78 7.54 8.47 9.58
Diffractometer P1710 PANalytical X’Pert MPD Pro
26 (degree) 16.5-100 10-120
A (pm) 154.060 154.060, 154.443
12,)/12)=0.5

pr 0.073 0.0129 0.0126 0.0136
Ii’exp 0.051 0.0074 0.0080 0.0078
Ry 0.025 0.0217 0.0146 0.0300

1.43 1.73 1.59 1.75
Fiiglein et al. [62].
Table 2: Refined atomic parameters for TaZrN..
Atom Wyckoff X y z S.0.F. B (10°pm?)
Tal 8a 0 0 0 0.5 0.89(7)
Zrl 8a 0 0 0 0.5 0.89(7)
Ta2 24d 0.28280(7) 0 Yl 0.5 0.44(4)
Zr2 24d 0.28280(7) 0 Y 0.5 0.44(4)
N 48e 0.3549(8) 0.1340(9) 0.0942(7) 1 1

S.0.F., site occupation factor.

the average of the common Ta-N (210 pm) and Zr-N
bonds (218 pm). It should be mentioned that no indication
for Ta/Zr ordering was found. Consequently, a statistical
distribution of the cations is assumed, and the site occu-
pation factors have been fixed for the refinements. N/O
ordering in oxide nitrides cannot be investigated using
X-ray diffraction. Calculations on anion-excess vanadium
oxide nitrides with bixbyite-type structure (V, O, N .,
VY, 00005125N0 0 @nd V, O, N ) have shown that nitro-
gen is preferably located on the 48e and not on the 16¢
site [63, 65]. This topic has already been discussed for

Zr,0ON, with respect to neutron diffraction investigations
[62, 66] and based on quantum-chemical calculations
[67]. The only possible maximal nonisomorphic transla-
tionengleiche subgroup allowing an ordered arrangement
of oxygen and nitrogen is Ibca. However, an ordered anion
arrangement was not found by both methods.

An overview of the prepared 1:1 samples is given in
Table 3. The N/O ratio has a significant effect on the cell
axis a and the x parameter of the 24d cation site, which
is the only cation coordinate not fixed by space group
symmetry.

Table 3: Cell parameter a and cation coordinate x of selected samples with a Ta:Zr ratio of 1:1.

Sum formula Nitrogen content (anion%) a (pm) x (24d)

Ta, 0627, 0606.00N3 00 100 995.17(4) 0.28280(9)
T2, 46Z"1.0000.00N5.00 100 995.60(4) 0.28363(8)
T2, 06Z"1.0000.0:N;.99 99.3 995.74(5) 0.28422(10)
Ta1,oozr14oooo.2ANz.84 92.2 995.96(5) 0.28380(10)
Tal.ooeroooo.%Nz.as 70.6 1000.37(6) 0.27050(16)
T2, 40211 0001 6N g9 53.1 1007.93(5) 0.26324(15)
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Fig. 3: Dependency of unit cell parameter a and cation position x (24d) from the nitrogen content of the new bixbyite-type phases with an

even cation ratio.

Taking a look at the present results, the y value of the
general formula TaZrO, N, has the range of 0<y<1.11.
As it can be easily understood by reasons of charge neu-
trality, a consequence of increasing oxygen content is
the increasing deviation from the ideal A X, composi-
tion (A4,X, ). While 6 grows, more vacancies are occu-
pied by anions and the crystal structure becomes more
and more ‘fluorite-like’. Therefore, the x (24d) coordinate
is approaching 4, which is the value for the cubic fluo-
rite type. This is accompanied by lower intensities of the
superstructure reflections in the X-ray diffraction pat-
terns. With an increasing number of atoms inside the unit
cell, the lattice parameter expands by ca. 12.75 pm. All this
is depicted in Fig. 3.

Phase-pure samples are predominantly nitrogen-
rich. At higher oxygen contents, the formation of more
than one phase is likely. It was not possible to cover the
whole composition range up to the ideal fluorite-type
(AX)), as practiced for uranium nitride [60, 61]. Fluorite-
type phases of tantalum oxide nitrides containing yttrium
are known [68]. In the present system, the baddeleyite
type is the favored crystal structure for an AX, composi-
tion. The maximal 16¢ occupation in all our experiments
(0 =0.63) was found for a sample with a Ta:Zr ratio of 1:2:
TaO.67zr1.3302.22N1‘41'

A reamorphization of the samples can be observed
at temperatures higher than 600 K in air. Under nitrogen
atmosphere, the sample is stable at least up to 1273 K.

It can be expected that the nitrogen content should
have an influence on the optical band gap. Products
with an Ta:Zr ratio of 1:2 and a high oxygen content have
a yellowish light-brown color and become darker with
increasing nitrogen content. Five different samples were

analyzed by UV/Vis spectroscopy (diffuse reflectance
geometry) in order to determine the optical band gaps.
As an example, the Tauc plot of the absorbance spectra
for the direct optical band gap of Ta, Zr, . O, N,  (lowest
nitrogen content) is depicted in Fig. 4. The results for all
investigated samples are summarized in Table 4.

A band gap of E=2.48 eV should correspond to a yel-
lowish product. Therefore, the direct band gaps are prob-
ably the most reliable values. Higher contents of nitrogen
reduce the gap between valence and conduction band,
which nicely corresponds to the theory of Phillips and Van
Vechten [69, 70].

These bixbyite-type phases are most likely the cubic
side phases, which have been reported by Grins et al. [41]

1200
1000
800
o~
=
£
@ 600
W
400
200
0
T T T T T
15 20 25 3.0 35
hv/eV
Fig. 4: UV/Vis spectrum/Tauc plot (black) of Ta ,Zr, .0, . .N, . with

Tauc plot determination of the direct optical band gap (blue).
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Table 4: Optical band gaps of different bixbyite-type compounds.

Sum formula Color Direct Indirect

band gap band gap
Tao.57zr143301.89N1.63 Light-brown 2.48 eV 1.87 eV
Ta0.67zr143301.38N1.97 Brown 2.31eV 1.65eV
Ta, 21, 5500.4,N,44 Red-black 1.93 eV 1.32eV
T2, 46Z"1.0000.00N5.00 Black 1.72eV 1.30 eV
Ta, ,,Zr, O . N Black 1.71eV 1.27 eV

1.337770.67 ~0.12" "3.03

No or only small superstructure reflections were observed
in their powder XRD measurements. They excluded the
bixbyite type as the adequate crystal structure. However,
those superstructure reflections are clearly observable in
the diffractograms presented here (see Fig. 1).

Bixbyite-type phases containing tantalum are already
known. Quaternary tantalum oxide nitrides with scan-
dium also exhibit a dependency of the a and x (24d)
parameters on the nitrogen content [48]. Because of the
lower-valent scandium, the nitrogen content was far
smaller (30-59 anion%) than in the Ta-Zr compounds
presented here [48, 71].

The corresponding mixed-valent binary tantalum
nitride Ta,N, can only be realized by plasma-enhanced
chemical vapor deposition at temperatures of 873-973 K
[28] or sputter deposition [29] and has probably been
synthesized several times before a definite phase iden-
tification was successful [26, 27, 72]. The cell parameter
of a=982.05(4) pm [28] is consistent with our result of
a=995.16(4) pm for the nitride compound, taking into
account the smaller ionic radius of Ta* (68 pm) compared
with the isovalent Zr* (72 pm) [64]. Most recent investi-
gations have shown a metastable behavior of these Ta,N,
films [29]. Transformation to &-TaN -like phases can be
observed at temperatures higher than 1123 K.

Sesquinitrides of lanthanides (Th,N,, Dy N,, Ho,N,,
Tm,N,, and Lu N, [73]) and actinides (U,N, [60], Np,N, [74])
are listed in databases. It should be noted that the final
compositions of the lanthanide nitrides were not deter-
mined in the publication. Nitrides of other metals, for
example, Be N, [75], Mg N, [76-78], Ca,N, [79], Zn N, [76,
78], and Cd,N, [80], exhibit the anti-bixbyite structure.

4 Conclusions

It was possible to complement the already well-studied
system Ta-Zr-O-N by bixbyite-type compounds. The
N/O ratio has a significant influence on the deviation ¢
from the ideal A X, bixbyite composition (4,X, ,), the cell

DE GRUYTER

parameter a, and the x coordinate of the 24d cation posi-
tion. For a Ta:Zr ratio of 1:1, the ternary nitride TaZrN,
could be prepared. Contrary to the main intention of this
work, the search for metastable compounds, this new
nitride phase can be considered as a stable analogue of
the already known metastable Ta,N.. Experiments with
lower Zr contents did not result in new phases.

5 Supporting Information

Crystallographic data in CIF format for the structure
refinement of TaZrN, are available online (DOI: 10.1515/
znb-2017-0014).

Acknowledgments: This work was supported by the Ger-
man Science Foundation (DFG) within the priority pro-
gram SPP 1613. We thank Dr. Hefeng Cheng (research
group Prof. Arne Thomas, TU Berlin) for assistance during
UV/Vis measurements.

References

[1] G. Hitoki, T. Takata, J. N. Kondo, M. Hara, H. Kobayashi,
K. Domen, Chem. Commun. 2002, 2, 1698.
[2] K. Maeda, H. Terashima, K. Kase, K. Domen, Appl. Catal. A
2009, 357, 206.
[3] M. Jansen, H. P. Letschert, Nature 2000, 404, 980.
[4] M. Lerch, ). Lerch, R. Hock, J. Wrba, /. Solid State Chem. 1997,
128, 282.
[5] ).-C. Gilles, Bull. Soc. Chim. Fr. 1962, 22, 2118.
[6] ).-C. Gilles, Corros. Anticorros. 1964, 12, 15.
[7] R. Collongues, ). C. Gilles, A. M. Lejus, M. Perezy Jorba,
D. Michel, Mater. Res. Bull. 1967, 2, 837.
[8] Y. B. Cheng, D. P. Thompson, Spec. Ceram. 1992, 9, 149.
[9] M. Lerch, ). Am. Ceram. Soc. 1996, 79, 2641.
[10] M. Lerch, J. Mater. Sci. Lett. 1998, 17, 441.
[11] C.W. Michie, J. B. Claridge, S. ). Clarke, M. J. Rosseinsky, Chem.
Mater. 2003, 15, 1547.
M. Lerch, J. Lerch, J. Mater. Sci. Lett. 1997, 16, 1454.
[13] A.E.Van Arkel, Physica (The Hague) 1924, 4, 286.
[14] K. Becker, F. Ebert, Z. Phys. 1925, 31, 268.
[15] R.Juza, A. Rabenau, I. Nitschke, Z. Anorg. Allg. Chem. 1964,
332,1.
[16] M. Lerch, E. Fiiglein, ). Wrba, Z. Anorg. Allg. Chem. 1996, 622, 367.
[17]1 A. Zerr, G. Miehe, R. Riedel, Nat. Mater. 2003, 2, 185.
[18] G. Brauer, ). R. Weidlein, Angew. Chem. Int. Ed. 1965, 4, 875.
[19] H. Schilling, A. Stork, E. Irran, H. Wolff, T. Bredow,
R. Dronskowski, M. Lerch, Angew. Chem. Int. Ed. 2007, 46, 2931.
[20] A.Suzuki, Y. Hirose, D. Oka, S. Nakao, T. Fukumura, S. Ishii,
K. Sasa, H. Matsuzaki, T. Hasegawa, Chem. Mater. 2014, 26, 976.
T. Liidtke, A. Schmidt, C. Gébel, A. Fischer, N. Becker,
C. Reimann, T. Bredow, R. Dronskowski, M. Lerch, Inorg. Chem.
2014, 53, 11691.

[12]

[21]

Bereitgestellt von | provisional account
Angemeldet
Heruntergeladen am | 14.12.17 15:53



DE GRUYTER

[22] K. Woodhead, S. Pascarelli, A. L. Hector, R. Briggs,

N. Alderman, P. F. McMillan, Dalton Trans. 2014, 43, 9647.

[23] S. Nakhal, M.-W. Lumey, T. Bredow, R. Dronskowski, M. Lerch,
Z. Anorg. Allg. Chem. 2010, 636, 1006.

[24] G.Brauer, ). R. Weidlein, Angew. Chem. Int. Ed. 1965, 4, 241.

[25] J.-C. Gilles, C. R. Acad. Sci. Sér. C1968, 266, 546.

[26] E. A. Buvinger, Appl. Phys. Lett. 1965, 7, 14.

[27] H.). Coyne, R. N. Tauber, J. Appl. Phys. 1968, 39, 5585.

[28] A.Y. Ganin, L. Kienle, G. V. Vajenine, Eur. J. Inorg. Chem. 2004,
2004, 3233.

[29] K. Salamon, M. Ocko, N. Radi¢, I. Bogdanovi¢ Radovic,

V. Despoja, S. Bernstorff, J. Alloys Compd. 2016, 682, 98.

[30] A. Zerr, G. Miehe, J. Li, D. A. Dzivenko, V. K. Bulatov, H. Héfer,
N. Bolfan-Casanova, M. Fialin, G. Brey, T. Watanabe,

M. Yoshimura, Adv. Funct. Mater. 2009, 19, 2282.

[31] A.Salamat, K. Woodhead, S. I. U. Shah, A. L. Hector,
P. F. McMillan, Chem. Commun. 2014, 50, 10041.

[32] N.Schénberg, Acta Chem. Scand. 1954, 8, 199.

[33] G.Brauer, K. H. Zapp, Naturwissenschaften 1953, 40, 604.

[34] G.Brauer, K. H. Zapp, Z. Anorg. Allg. Chem. 1954, 277, 129.

[35] N.Terao, Jpn. J. Appl. Phys. 1971, 10, 248.

[36] L. E. Conroy, A. N. Christensen, J. Solid State Chem. 1977, 20,
205.

[37] ). Gatterer, G. Dufek, P. Ettmayer, R. Kieffer, Monatsh. Chem.
1975, 106, 1137.

[38] A.N. Christensen, B. Lebech, Acta Crystallogr. 1978, B34, 261.

[39] G.Brauer, E. Mohr, A. Neuhaus, A. Skokan, Monatsh. Chem.
1972, 103, 794.

[40] N.Schonberg, Acta Chem. Scand. 1954, 8, 627.

[41] ). Grins, P.-O. Kill, G. Svensson, J. Mater. Chem. 1994, 4, 1293.

[42] E. Guenther, M. Jansen, Mater. Res. Bull. 2001, 36, 1399.

[43] R. Pastrana-Fabregas, ). Isasi-Marin, R. Saez-Puche, J. Mater.
Res. 2006, 21, 2255.

[44] ). E. Lowther, Phys. Rev. B: Condens. Matter 2006, 73, 134110-1.

[45] S. M. Aouadi, P. Filip, M. Debessai, Surf. Coat. Technol. 2004,
187, 177.

[46] ).-L. Ruan, J.-L. Huang, H.-H. Lu, J. S. Chen, D.-F. Lii, Thin Solid
Films 2011, 519, 4987.

[47] H.Schilling, M. Lerch, A. Borger, K.-D. Becker, H. Wolff,

R. Dronskowski, T. Bredow, M. Tovar, C. Baehtz, J. Solid State
Chem. 2006, 179, 2416.

[48] A. Stork, H. Schilling, C. Wessel, H. Wolff, A. Borger, C. Baehtz,
K.-D. Becker, R. Dronskowski, M. Lerch, J. Solid State Chem.
2010, 183, 2051.

[49] T.Bredow, M.-W. Lumey, R. Dronskowski, H. Schilling,

J. Pickardt, M. Lerch, Z. Anorg. Allg. Chem. 2006, 632, 1157.

[50] S. Cosgun, M. Rohloff, C. Gobel, U. Gernert, A. Fischer, M.
Lerch, Z. Anorg. Allg. Chem. 2014, 640, 2771.

[51] M. P. Pechini, Method of Preparing Lead and Alkaline Earth
Titanates and Niobates and Coating Method Using the Same to
Form a Capacitor, USPTO 3330697, 1967.

[52] T.Okubo, M. Kakihana, J. Alloys Compd. 1997, 256, 151.

[53] J. Rodriguez-Carvajal, FULLPROF2000, A Program for Rietveld
Refinement and Pattern Matching Analysis, in Satellite Meeting

T. Liidtke et al.: Bixbyite-type phases in the system Ta-Zr-O-N = 311

on Powder Diffraction of the 15" International Congress of the
IUCr, Toulouse (France) 1990, p. 127.

[54] J. Tauc, R. Grigorovici, A. Vancu, Phys. Status Solidi B 1966, 15,
627.

[55] J. Tauc, Mater. Res. Bull. 1968, 3, 37.

[56] W. Zachariasen, Z. Kristallogr. 1928, 67, 455.

[57] L. Pauling, M. D. Shappell, Z. Kristallogr. 1930, 75, 128.

[58] M. Marezio, Acta Crystallogr. 1966, 20, 723.

[59] A.Ramos-Gallardo, A. Vegas, J. Solid State Chem. 1995, 119, 131.

[60] R. E. Rundle, N. C. Baenziger, A. S. Wilson, R. A. McDonald,

J. Am. Chem. Soc. 1948, 70, 99.

[61] N. Masaki, H. Tagawa, /. Nucl. Mater. 1975, 57, 187.

[62] E. Fiiglein, R. Hock, M. Lerch, Z. Anorg. Allg. Chem. 1997, 623,
304.

[63] S. Nakhal, W. Hermes, T. Ressler, R. Pottgen, M. Lerch,

Z. Naturforsch. 2009, 64b, 281.

[64] R. D. Shannon, C. T. Prewitt, Acta Crystallogr. 1969, B25, 925.

[65] C.Reimann, D. Weber, M. Lerch, T. Bredow, /. Phys. Chem. C
2013, 117, 20164.

[66] S. ). Clarke, C. W. Michie, M. J. Rosseinsky, J. Solid State Chem.
1999, 146, 399.

[67] T.Bredow, M. Lerch, Z. Anorg. Allg. Chem. 2004, 630, 2262.

[68] H. Schilling, H. Wolff, R. Dronskowski, M. Lerch, Z. Naturforsch.
2006, 61b, 660.

[69] ). C. Phillips, Science 1970, 169, 1035.

[70] ). C. Phillips, J. A. Van Vechten, Phys. Rev. B. Condens. Matter
1970, 2, 2147.

[71] S. Cosgun, Synthese und Charakterisierung Tantaloxidnitrid-
basierter Verbindungen fiir die photokatalytische
Wasserspaltung, Dissertation, Technische Universitat Berlin,
Berlin, 2015.

[72] C.S.Shin,Y.W. Kim, D. Gall, J. E. Greene, |. Petrov, Thin Solid
Films 2002, 402, 172.

[73] R. Kieffer, P. Ettmayer, S. W. Pajakoff, Monatsh. Chem. 1972,
103, 1285.

[74] G.W. C. Silva, P. F. Weck, E. Kim, C. B. Yeamans, G. S. Cerefice,
A. P. Sattelberger, K. R. Czerwinski, J. Am. Chem. Soc. 2012,
134, 3111.

[75] O.Reckeweg, C. Lind, A. Simon, F. J. DiSalvo, Z. Naturforsch.
2003, 58b, 159.

[76] M. von Stackelburg, R. Paulus, Z. Phys. Chem. 1933, B22, 305.

[77] ). David, Y. Laurent, J. Lang, Bull. la Soc. Fr. Mineral. Cristallogr.
1971, 94, 340.

[78] D.E. Partin, D. ). Williams, M. O’Keeffe, J. Solid State Chem.
1997, 132, 56.

[79] Y. Laurent, ). Lang, M. T. Le Bihan, Acta Crystallogr. 1968, B24,
494,

[80] F. Karau, W. Schnick, Z. Anorg. Allg. Chem. 2007, 633, 223.

Supplemental Material: The online version of this article

(DOI: 10.1515/znb-2017-0014) offers supplementary material,
available to authorized users.

Bereitgestellt von | provisional account
Angemeldet
Heruntergeladen am | 14.12.17 15:53



