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Ammonolysis of vanadium sulfide leads to the formation of bixbyite-type vanadium oxide nitrides.
Small amounts of nitrogen incorporated in the structure result in the stabilization of the bixbyite type
not known for vanadium oxides. The crystal structure was investigated using X-ray diffraction and
X-ray absorption spectroscopy. At temperatures above 550 °C the powders decompose to corundum-
type V,03 containing no detectable amount of nitrogen. Below 39 K magnetic ordering is observed.
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Introduction

In the last years nitrides and oxide nitrides have be-
come shifted more and more in the focus of interest.
In particular transition metal oxide nitrides are an in-
teresting group of materials with physical properties
making them candidates for technical applications. For
example, they are candidates as photocatalysts for wa-
ter splitting under sunlight [1—3]. Ionic conductivity
studies focusing on the behavior of N3~ anions have
yielded promising results indicating the possibility of
N3~ ion conducting materials [4 —6]. Transition metal
oxide nitrides are also compounds possibly suitable
as dielectrics [7, 8] in microelectronic devices, or as
chemical gas sensors [9].

In contrast to the chemistry of oxide nitrides of tran-
sition metals such as tantalum or zirconium, where a
lot of work was done in the last years, the knowledge
of the related type of compounds of vanadium is not
so extensive. More than thirty years ago Brauer and
Reuther reported the first vanadium oxide nitrides [10],
all structurally derived from the rock salt type. These
non-stoichiometric compounds are metallic, and there
is no evidence for magnetic ordering [11]. The pos-
sibility of a high-pressure synthesis of stoichiometric
VON (a semiconductor) has been predicted by Lumey
and Dronskowski [12].

In this contribution we report on the synthesis, crys-
tal structure, and magnetic properties of vanadium ox-
ide nitrides which can be formally described by par-
tial substitution of oxygen by nitrogen in well-known

vanadium sesquioxide. V,03 displays a number of
electronic, magnetic and structural properties that are
challenging to interpret and explain [13—18]. At r.t.
V,03 exhibits the corundum structure, it is metal-
lic and paramagnetic. It is unique among other iso-
structural sesquioxides with respect to its small a/c ra-
tio and metallic conductivity. On reducing the temper-
ature, corundum-type V,03 shows a structural phase
transition to a monoclinic structure at around 150 K.
Accompanying the transition, a change from metallic
to insulating behavior and the onset of antiferromag-
netic ordering are observed. The metal-insulator tran-
sition is viewed as a Mott transition.

Experimental Section
Synthesis and chemical analysis

V5.45Sg is the basis compound the materials described
in this study are derived from. It can be prepared by re-
acting V,0s5 or NHy4 VO3 with flowing H,S gas at 800 -
950 °C for 2 h. The vanadium sulfide obtained was converted
into oxide nitrides by reaction with wet ammonia gas (3.8,
Messer-Griesheim) at a constant flow rate of 15-20 Lh~!
at temperatures of 325-500 °C for 20 h. EDX-analyses of
the oxide nitrides obtained gave no indications for residual
sulfur. Nitrogen and oxygen contents were determined using
a LECO TC-300 / EF-300 N/O analyzer (hot gas extraction).
The accuracy is ~ 2 % of the N/O contents present.

Structure determination

A Siemens D5000 powder diffractometer (CuKy; radia-
tion, A = 154.06 pm, position-sensitive detector) was used for
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Fig. 1. X-Ray powder diffraction diagram
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the XRD measurements at r. t. Temperature dependent mea-
surements (samples in SiO,-glass capillaries under argon)
were carried out using a Stoe STADI-P powder diffractome-
ter (MoK, radiation, A = 70.93 pm, imaging plate detector)
with a graphite-heated resistance furnace. The program pack-
ages POWDER CELL 2.4 [19] and FULLPROF 2006 [20] were
used for structural refinements. The peak profiles were fitted
with a pseudo-Voigt function.

X-Ray absorption spectroscopy

In situ transmission XAS experiments were performed at
the V K edge (5.465 keV, Si 111) at beamline E4 at the
Hamburg Synchrotron Radiation Laboratory, HASYLAB.
The storage ring operated at 4.4 GeV with injection cur-
rents of 150 mA. The materials were mixed with polyethy-
lene (~ 5 mg oxide nitride (or oxide) and ~ 30 mg PE) and
pressed with a force of 2 t into a pellet (13 mm diameter).
X-Ray absorption fine structure (XAFS) analysis was per-
formed using the software WINXAS v3.1 [21]. Background
subtraction and normalization were carried out by fitting lin-
ear polynomials to the pre-edge and the post-edge region of
the absorption spectra, respectively. The extended X-ray ab-
sorption fine structure (EXAFS) data x (k) was extracted by
using cubic splines to obtain a smooth atomic background,
o (k). The pseudo radial distribution function FT(y (k) x &)
was calculated by Fourier transforming the k3-weighted ex-
perimental (k) function, multiplied by a Bessel window,
into the R space. EXAFS data analysis was performed us-
ing theoretical backscattering phases and amplitudes calcu-
lated with the ab initio multiple-scattering code FEFF7 [22].
Single-scattering and multiple-scattering paths in the V,03
model structure were calculated up to 6.0 A with a lower

of V,03,07Ng.13 with the results of the
Rietveld refinement.
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limit of 2.0% in amplitude with respect to the strongest
backscattering path. EXAFS refinements were performed in
R space simultaneously to the magnitude and the imaginary
part of a Fourier transformed k3-weighted and k'-weighted
experimental x (k) data set using the standard EXAFS for-
mula [23]. Structural parameters that have been determined
by a least-squares refinement of a theoretical XAFS spec-
trum calculated for a V,0O3 model structure to the experimen-
tal XAFS spectrum are (i) one overall Ey shift, (ii) Debye-
Waller factors for single-scattering paths, and (iii) distances
of single-scattering paths. Coordination numbers (CN) and
So% were kept invariant in the refinement.

Magnetic susceptibility measurements

The V,03,07Np.13 sample was packed in kapton foil and
attached to the sample holder rod of a VSM for measur-
ing the magnetic properties in a Quantum Design Physical-
Property-Measurement-System in the temperature range 3 —
300 K with magnetic flux densities up to 80 kOe.

Results and Discussion

Bixbyite-type vanadium oxide nitrides in the com-
position range between V;0303Ngg2 and V203 g7-
No.13 have been prepared. As an example, an X-ray
powder diffraction diagram of V,03 7Ny, 13 with the
results of the Rietveld refinement is depicted in Fig. 1.
Tables 1 and 2 present the refined structural data.
In the well-known bixbyite-type structure, which can
be considered a superstructure of the fluorite type,
vanadium cations occupy the 8a (0,0,0) and 24d
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Table 1. Refined structural data for V,03 97Ng 13.

Structure type bixbyite
Space group 1a3
Crystal system cubic
Lattice parameter a, pm 939.66(1)

Unit cell volume V, prn3

Formula units Z

829.69(2) x 10°
16

Calculated density p, gcm™3 4.89
Diffractometer Siemens D5000
Wavelength, pm 154.06

26 range, deg 5-80

Ryp 0.022

RBragg 0.009

Rexp 0.012

S 1.67

Table 2. Refined atomic parameters for Vo053 97No 13.

Atom W.site x y z Biso (A2)
Vi 8a 0 0 0 1.5(1)
V2 24d 0.2823(1) 0 1/4 1.42(7)
O/N  48e 0.1422(4)  0.1290(5) —0.0944(3) 0.86(7)

Fig. 2. Unit cell of bixbyite-type V,03 7No.13 with the con-
nectivity of the V(O/N)¢ octahedra.

(x,0, 1/4) Wyckoff positions, and the oxide/nitride an-
ions the general position 48e. Fig. 2 shows the unit
cell. All cations are octahedrally coordinated by six an-
ions, which are surrounded tetrahedrally by four vana-
dium ions. Details are given in Fig. 3 and Table 3.
The bixbyite type is also known from other transi-
tion metal oxide nitrides, for example Zr,ON, and
HszNz [24—27], and from V202_70N0.15FO.15 [28].
From the oxide nitride compounds it is also known
that the bixbyite structure tolerates a partial occupa-
tion of the anion vacancies, which are fully occupied

Table 3. Type and number (N) of atoms at distance R from
the V center in V,03 7Ny 13 obtained from a refinement of
a bixbyite model structure (Tables 1 and 2) to the experi-
mental V K edge XAFS functions X (k) (k ranges from 2.0
to11.1 A_I,Rranges from1.1to5.1 A, SO2 =0.9 (fix), Eg =
—6.0 eV, residual = 4.9, Niyq = 25, Ngee = 20). The uncer-
tainty in the distances amounts to about 0.03 A.

Type N  R(A) R(A) o2 (A?)
model V,03 V203.07No.13 V203.07No.13

V-0 2 1.97 1.902 0.0254

V-0 2 2.01 1.998 0.00318
V-0 2 2.06 2.026 0.00127
V-V 2 3.12 3.116 0.00392
V-V 4 3.13 3.123 0.00734
V-V 4 3.54 3.55 0.00692
V-V 2 4.70 4.698 0.00271

Fig. 3. V(O/N)g octahedra in
V,03,07Np.13 with the bond
lengths (pm) determined.

in the ideal fluorite structure (AX; type), leading to de-
viations from the ideal bixbyite composition A X3. Un-
fortunately, it has not been possible to refine the occu-
pation of the 16¢ (1/8, 1/8, 1/8) position (empty in ideal
A, X3 bixbyite structures) by ‘additional’ anions using
X-ray powder methods.

The V K edge XANES spectra of V,03 (corundum)
and V,03,7Np.13 are depicted in Fig. 4. Compared
to the XANES spectrum of corundum-type V;,03, the
XANES spectrum of V037N 13 exhibits a slightly
higher characteristic pre-edge peak. The latter can be
employed to estimate the average oxidation state of
vanadium in V,03 97N 13. In comparison to the refer-
ence compounds V,03 and V,0s the average valence
of V in V,03 (7Np 13 amounts to 3.25. Both the aver-
age “valence” and the distortion of the local coordi-
nation influence the pre-edge peak height. Hence, the
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Fig. 4. Comparison of the V K edge XANES spectra
of corundum-type V,03 (dotted line) and bixbyite-type
V203.07N0'13 (SOlid line).
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Fig. 5. Refinement of the theoretical XAFS function based on
the bixbyite-type model structure (Tables 1 and 2) (solid line)
to the experimental V K edge FT() (k) x &%) of V203.07No.13
(dotted line).

uncertainty in the average “valence” is estimated to be
about 0.05. Provided that each nitrogen atom incorpo-
rated in the V,0j3 structure results in an oxidation of
one V37T center to a V4T center, the expected average
formal oxidation state of vanadium in V,03 07Ny 13
amounts to +3.26.

The Fourier-transformed XAFS x (k) x k> of V,-
03,07Np.13 is depicted in Fig. 5. The pronounced am-
plitude of the V-V shells at higher distances (> 2 A)
confirms the crystallinity and the well-defined struc-
ture of V203.07No.13. The experimental FT() (k) x k?)
of V,03,07Np.13 can be very well simulated using a
calculated FT(y (k) x k®) based on the bixbyite model
structure given in Tables 1 and 2. The good agreement

Fig. 6. Temperature dependence of the magnetic and inverse
magnetic susceptibility of V203 7Ng .13 measured at a flux
density of 40 kOe.

of the experimental and theoretical spectrum in Fig. 5
excludes the presence of considerable amounts of ad-
ditional crystalline or amorphous phases in the ma-
terial studied. The local structural parameters as de-
termined from the XAFS refinement are given in Ta-
ble 3. The minor deviations between the model and
the refined parameters confirm the good agreement be-
tween the long-range and short-range ordered structure
of V203 07No.13.

The temperature dependence of the magnetic and
inverse magnetic susceptibility of the V,037Np 13
sample is presented in Fig. 6. The susceptibilities
were found to be slightly field-dependent. The 30 and
40 kOe data were already identical in the paramag-
netic range. V,03 07N 13 shows Curie-Weiss behavior
in the temperature range 100 to 300 K, resulting in an
experimental magnetic moment of e = 2.36(3) Up
per V atom and a Weiss constant of 8p = —214(5) K.
The experimental magnetic moment is in between the
values of Leo (V) = 2.83 up and ppeo (V) =
1.73 ug. The susceptibility data nicely confirm the
XANES measurements which revealed an oxidation
state of +3.26.

Below ca. 39 K we have observed magnetic order-
ing. The magnetization shows complex temperature-
and field-dependent behavior. These phenomena are
not yet understood and will be reported and discussed
in a forthcoming manuscript. Compared with pure
V,03 (antiferromagnetic ordering in the range 150—
162 K through a metal-insulator transition [14, 29—
31]) we have observed a drastic drop in the ordering
temperature for V,03 (7Ng.13. More detailed studies on
the magnetic behavior are in progress.
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At high temperatures bixbyite-type vanadium ox-
ide nitrides decompose. In inert gas atmosphere at
~ 550 °C a ‘transformation’ (better decomposition) to
a corundum-type structure was observed by high-tem-
perature XRD measurements (Fig. 7). The resulting
phase contains no nitrogen. In air, an oxidation to
V,05 was observed at around 350 °C.

Conclusions

Vanadium oxide nitrides containing a small amount
of nitrogen exhibit crystal structures not known for the
pure oxides. This partial substitution can therefore be

50.0 60.0

Fig. 7. High-temperature X-ray powder
patterns of bixbyite-type V037N 13
in argon atmosphere. Above ~ 550 °C
a corundum-type phase (V,03) is ob-
served.

considered as a general route to new materials with in-
teresting physical properties which has to be investi-
gated in more detail. The bixbyite-type oxide nitride
presented here is just one of several examples. In the
near future we will report on a vanadium oxide nitride
showing the pseudobrookite-type structure.
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