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P, Tag, N3 (x=0.1-0.15): A Phosphorus Tantalum Nitride
Featuring Mixed-Valent Tantalum and P/Ta Disorder Visualized by
Scanning Transmission Electron Microscopy
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Abstract: We report on the synthesis, crystal, and
electronic structure, as well as the magnetic, and electric
properties of the phosphorus-containing tantalum ni-
tride P,_,Tag, Nj; (x=0.1-0.15). A high-pressure high-
temperature reaction (8 GPa, 1400°C) of Ta;N; and
P;Ny; with NH,F as a mineralizing agent yields the
compound in the form of black, rod-shaped crystals.
Single-crystal X-ray structure elucidation (space group
C2Im (no. 12), a=16.202(3), b=2.9155(4),
c=11.089(2) A, p=126.698(7)°, Z=2) shows a network
of face- and edge-sharing Ta-centered polyhedra that
contains small vacant channels and PN, octahedra
strands. Atomic resolution transmission electron micro-
scopy reveals an unusual P/Ta disorder. Mixed-valent
tantalum atoms exhibit interatomic distances similar to
those in metallic tantalum, however, the electrical
resistivity is quite high in the order of 10'Qcm. The
density of states and the electron localization function
indicate localized electrons in both covalent and ionic
bonds between P/Ta and N atoms, combined with less
localized electrons that do not contribute to interatomic
bonds. )
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Transition metal (TM) nitrides and ternary metal nitrides
have become an integral part of today’s electrochemical
energy applications and fundamental research projects
because they offer a versatile range of desirable properties
for sustainable energy conversion, including photovoltaics,
thermoelectric materials, and solid-state lighting.'?! Tanta-
lum nitrides exhibit properties like tunable electrical con-
ductivity ideal for applications in, e.g., microelectronics,
solar energy harvesting, and catalysis.* The Ta—N system
spans a spectrum from tantalum-rich solid solutions to
nitrogen-rich compounds with varying oxidation states from
0 to +V. Known phases include the solid solution of
nitrogen in tantalum[® o-Ta(N) and B-Ta,N,**! three
modifications of TaN (e, §, 8),°" as well as nitrogen-rich
compounds like TasNg,[" Ta,N,,”' Ta,N; " and Ta;N;.['¥
The binary system Ta—N is so intriguing that calculations are
being made to explore the less accessible high-pressure/high-
temperature Ta—N phase diagram.!"”!

Ternary compounds with Ta and N form nitridotanta-
lates with discrete or vertex-sharing Ta*'N, tetrahedra, as
well as Ta*VN, octahedra if alkaline and alkaline earth
metals are included.”*?¥ Nitridotantalates like LiTasN,,
MgTa,N;, Na,Ta;N5 and Na, Ta;N; (0<x <1.4) show mixed-
valency of the Ta species.” ! The systems Ta/TM/N were
studied in detail in the mid 20th century and it was shown
that compounds with TM=Ti—-Ni, Zr-Nb typically form
disordered rock salt-type structures.”'**! With copper as a
second TM, CuTaN, forms a layered delafossite-type
structure with Ta*YN, octahedra.”® Recently discovered
MnTa,N, and ScTaN,, feature pronounced magnetic frus-
tration and metal-metal bonds, respectively.”>" A handful
of ternary Ta—N compounds involve rare-earth metals.
RE;[Ta,Ng] (RE=La, Ce, Pr) are isotypic to the high T,
cuprate semiconductor La,_ Sr,CaCu,Og4 (x=0.2-0.55) and
contain layers of vertex-sharing square TaN; pyramids.l!!
TaThN; was the first nitride perovskite in literature.” For
the main group elements from groups 13 to 15, TasGa;N
forms a typical 5/3-intermetallic structure with interstitial N,
and tantalum carbonitrides have been reported due to the
solubility of TaN in C.['>*-4

The introduction of phosphorus into 7M nitrides led to
anionic nitridophosphate network systems dominated by
PN, tetrahedra®>" and TM nitrides containing phosphorus,
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which are mostly unexplored. Therefore, we search for
possible synthesis routes and structure—property relation-
ships. In this article, we present P,_ Tag, N3 (x=0.1-0.15),
a ternary transition metal nitride that combines occupational
disorder of Ta and P, mixed-valence tantalum with a formal
oxidation state of +4.25 and PN, octahedra, a structure
motif typically found in high-pressure chemistry within
pressure ranges achieved by diamond anvil cells.?’*

The title compound was obtained at high-pressure high-
temperature conditions (7=1400°C, p=8 GPa) from the
respective binary nitrides Ta;Ns and P;Nj, using excess P;Nj
and 1 eq. NH,F as a mineralizing agent. It is assumed that
the synthesis follows the reaction equation (1), in which the
surplus and the mixed occupation are not accounted for.
Further details on the multi-anvil setup can be found in the
Experimental Section in the Supporting Information.

8 Ta;N;+P,N,+NH,F — 3 PTagN,;+3 N,+HF (1)

The reaction yields a black microcrystalline powder,
which is stable toward air and moisture. The rod-shaped
crystals are around 2 pm in width and up to 10 ym in length
(Figures 1 and S1). The crystal structure of P, _,Tag, N,
(x=0.1-0.15) is obtained from single-crystal X-ray diffrac-
tion (SCXRD) data resulting in the monoclinic space group
C2/m (no. 12) with a=16.202(3) A, b=29155(4) A, c=
11.089(2) A, p=126.698(7)° and Z=2 (RI=0.0586, wR2=
0.1418, R,=0.0730, GooF=1.094). Further details and
crystallographic data can be found in the Supporting
Information. A tilt series of selected area electron diffrac-
tion (SAED) patterns matches the simulations and confirms
the metric of the unit cell (Figure S2). Rietveld refinements
on powder X-ray diffraction (PXRD) data were used to
analyze the phase composition (Figure S4). Only small
amounts of unknown side phases are present, which could
be of a P-rich nature due to the excess of P in the synthesis.
With transmission and scanning electron microscopy no
crystalline side phases could be identified and there are no
indications of amorphous side phases. Amorphization of
P;N;5 could not be observed. High-temperature PXRD
demonstrates stability up to at least 900°C in air and reveals
a thermal expansion of less than 15 % of the cell volume up
to 900°C (Figure S5). The elemental composition was
analyzed by energy dispersive X-ray spectroscopy (EDX)

Figure 1. Secondary electron image of crystals of P,_,Tag  ,N;; (x=0.1-
0.15). Crystals are around 2 pym in width and up to 10 ym in length.

Angew. Chem. Int. Ed. 2024, 63, €202411441 (2 of 6)

Communication

An dte

Chemie

and indicates a minor amount of oxygen (Table S7). This is
in line with reports that tantalum nitrides are very suscep-
tible for oxygen impurities.“**"! Since slight fluctuations in
the composition variations cannot be ruled out, a variation
or range in stoichiometric formula of P,_,Tag, N5, O, (x=
0.1-0.15, y <1) could be considered.

The structure of P, Tag, N;; (x=0.1-0.15) can be
described as a network of face- and edge-sharing Ta-
centered polyhedra. Both edge-sharing P-centered octahe-
dra and small vacant channels extend along [010] (Figure 2).
The structure shows a certain similarity with the high-
pressure polymorph Ta;Ns (Pnma, UsTes structure type,
Figure S6). Both structures exhibit a similar condensed
network with vacant channels and a short b lattice parame-
ter that corresponds to a Ta-centered polyhedron
(P,_.Tag, Ny3: 2.9155(4) A, HP-Ta;Ns; 2.691(5) A).

Four crystallographically distinct Ta sites are seven or
eightfold coordinated by nitrogen. Ta2 and Ta3 form capped
trigonal prisms (CN=7) and Ta4 as well as Ta5 form
bicapped trigonal prisms (CN=8). Ta—N distances
(Ta2—Ta5) range from 2.10(5) A to 2.49(4) A and agree
with other tantalum nitrides."*'® Trigonal prisms are a well-
known coordination motif in binary and ternary tantalum
nitrides and capped versions have also been observed in
high-pressure phases such as Ta;Ns (Pnma) and #-Ta,N,.!"”
All coordination polyhedra are shown in Figure S7.

PN, octahedra have common edges along [010]. The
phosphorus site exhibits a mixed occupancy of P,_, and Ta,
with x=0.1-0.15 as derived from single-crystal data. P-N
distances range from 1.78(4) A to 1.94(3) A, with the
average being slightly larger than other phases with PNy
octahedra, e.g., B-BP;N; with d(P-N)=1.81(4) A at ambient
pressure.®! The mixed occupancy of P and Ta is most likely
the reason for this increase. A formal consideration of the
ionic radii of Ta™" (64 pm) and P (38 pm) indicates that
the tantalum atoms are almost double in size, which
significantly expands the volumes of the octahedra.” The
structural motif of a PN octahedron is characteristic of
high-pressure phases obtained in diamond anvil cells (~40-
140 GPa).F" 1 P, Tag, N;; (x=0.1-0.15) demonstrates that
a suitable network enables the stabilization of this character-

istic high-pressure motif even at significantly lower pressures
(<20 Gpa).

Pl/ Ta2 Ta3 Ta4 Tab
Tal

Figure 2. The crystal structure consists of a three-dimensional network
of TaN; and TaN; polyhedra (orange) and (P/Ta)N, octahedra (blue).
Left: Two unit cells stacked along [010]. Right: Section through unit cell
showing edge- (Ta2) and face-sharing (Ta3—Ta5) Ta-centered polyhedra
along [010]. Some atomic sites are labeled.
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The structure model has been validated by scanning
transmission electron microscopy high-angle annular dark-
field (STEM-HAADF) images with a Z-contrast according
to Z* (Zp=15, Z,=73)."") STEM-HAADF images along
[010] show uniform intensity for all Ta positions and
positions with almost no intensity. The latter can be assigned
to the P site by an atomic resolution EDX map (Figure 3a).
The occupational disorder of Ta and P is clearly visible
whenever high intensity of Ta occupies the P site. An
explicit intensity profile of the EDX map shows that P
positions occupied by Ta experience a clear loss of P-EDX
signal and an increase in Ta-EDX signal (Figure 3b). Three
different magnifications indicate that the disorder occurs
throughout the entire crystal (Figure 3c).

Temperature dependent electrical resistivity at higher
temperatures shows a linear behavior typical for metals. At
lower temperatures the signal is dominated by impurities or
defects in the material and becomes almost constant with
temperature. The resistivity is in the order of 10" Qcm
(Figure 4a), much higher than conventional metals with a
resistivity of ~10"® Qcm, but shows similarities to that of
some divalent transition metal oxides, e.g., Magnéli type
oxides.*! Distances between tantalum atoms (2.9155(5)—
3.099(5) A) are short and in the range of Ta—Ta bonds
known from metallic tantalum and - or e-TaN (2.86—
2.91 A). The conductivity probably originates from the few

— P —Ta — HAADF

Intensity / a.u.

Normalized position / a.u.

Figure 3. STEM-HAADF of P, ,Ta;, ,N,; (x=0.1-0.15) along [010]; (a)
atomic resolution EDX map for P (blue), Ta (orange), and combined
map; (b) STEM-HAADF image with structure overlay (left) and a
combined line scan of the STEM-HAADF signal with EDX signal.
Different intensities correspond to different occupancies of atom
columns by Ta and P atoms. Areas with high intensity give a Ta signal
in the map and areas with low intensity exhibit a P signal; (c) different
magpnifications. More details and enlarged versions are given in
Figures S8-S11.
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5d electrons of Ta that do not contribute to covalent Ta—N
bonds. A diffuse reflectance spectrum shows strong optical
absorption in the near IR that is due to excitable states
around the Fermi-level, which corroborates the metallic
character (Figure S12).

Magnetic susceptibility shows paramagnetic behavior
down to 21K with an effective magnetic moment of
2.41(2) ug per formula unit obtained from a Curie Weiss fit
of the inverse molar susceptibility (Figure S13). The magnet-
ization isotherm shows no sign of superconducting or
ferromagnetic impurities (Figure S14). The EPR spectrum
lacks distinct features, indicating the absence of unpaired
electrons from tantalum atoms (Figure S15).

Bader charges quantify the transferred electronic
charge.™ ! Based on an idealized structure model of
PTagN,; without mixed occupancies, the cation sites exhibit
values from +2.07¢ to +2.30e (Ta) and +2.83¢ (P), whereas
values for all N atoms range from —1.49¢ to —1.65e. This
indicates charge transfer from Ta/P to N.

The values are comparable to those calculated for a
group of known tantalum nitrides (Figure 4bl71#16-1847-81y
Bader charges for tantalum nitrides with Ta*¥ and Ta*™
typically range from 2.27e to 2.67e (HP-Ta;Ns, Ta;Ns, 8-
TaON) and from 1.57e to 1.94e (0-, 3-TaN), respectively.
Ta,N; has been described with Ta in the formal oxidation
states of +4.56(5) and +4.47(5),'"7 and Bader charges
ranging from 2.20e to 2.31e. e-TaN exhibits a wider range of
Bader charges for atoms with predominantly metallic
(0.80e) to rather ionic (2.23¢) bonds. All Ta atoms in
P,_,Tag, ,Nj; (x=0.1-0.15) experience almost the same
electronic environment. The Bader charges are close to
values for +4.5 and +5, all Bader charges and valence
electron values are given in Tables S8.

Density functional theory (DFT) calculations for ideal-
ized PTagN,; yield a total DOS (Figure 4c) and partial DOS
values for all atom types (Figures S17-19). The valence band
ranges from —12 to 0 eV and consists mainly of nitrogen
sites with p character and tantalum sites with d character.
The fraction of phosphorus states in the total DOS is low
and s, p, and d states of phosphorus mix within the valence
band. PTagN,; shows predominantly ionic bonding between
phosphorus and nitrogen atoms. The p and d states of P are
degenerate, and the p valence bands of the nitrogen atoms
N1 and N7 contain significantly more electronic states,
indicating electron localization near the N atoms. The bonds
between tantalum and nitrogen atoms (N2/N4—N6) exhibit a
combination of ionic and covalent properties. The p valence
bands of N2/N4-N6 have more electronic states than the d
bands of the tantalum atoms, and these are degenerate
across the valence band, as well. Interactions between Ta2/3
and N3 form predominantly covalent bonds, as the d valence
bands of the tantalum have similar electronic states to the p
valence band of nitrogen N3. The powder sample has a dark
optical appearance that matches the d states of tantalum at
the Fermi energy. Additionally, the calculations result in
states of an interstitial region that cannot be decomposed
into orbital-like bands. Calculations of the electron local-
ization function (ELF) support the conclusions from the
DOS. The ELF reveals that some valence electrons,

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. (a) Temperature dependence of the electrical resistivity of P,_,Tag, N3 (x=0.1-0.15); (b) Bader charges of atoms in PTagN,; compared to
tantalum (oxo)nitrides from literature; (c) Total DOS of PTagN,;. The valence band consists mainly of N atom p states and Ta atom d states, d
states of Ta cross Eg; the total DOS from —40 to 25 eV is given in Figure S16; (d) ELF isosurfaces display paired electron density located between
groups of three Ta atoms inside small channels (left) and voids of the structure (right), Ta: orange, N: light blue, PNg octahedra: dark blue.

presumably of tantalum, are not participating in Ta—N
bonds. Instead, some paired electron density is concentrated
between clusters of three tantalum atoms in two spatial
orientations: The electrons are localized in small channels
(Figure 4d left) and in small vacant regions in the structure
(Figure 4d right).

To summarize, P,_,Tag, N;; (x=0.1-0.15) stands out as
the first ternary transition metal nitride containing
phosphorus. The synthesis via a high-pressure, high-temper-
ature approach, the structural elucidation as well as the
magnetic and electric properties give a consistent picture of
structure and bonding. The condensed tantalum nitride
network incorporates edge-sharing PNy octahedra. Electron
microscopy directly illustrates the P/Ta disorder. Both
experimental data and DFT calculations indicate positive
polarized Ta atoms with very similar electronic environ-
ments for all coordination states. P;_ /Tag, N;; serves as a
model structure with a bonding situation that features both,
covalent and metallic character. This enables the exploration
of unconventional physical properties, such as high resistiv-
ity with metallic character.
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The authors have cited additional references within the
Supporting Information.**"

Deposition number 2345638 contains the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access
Structures service.
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