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ABSTRACT

Nanowire crystals of a tantalum nitride phase have been grown from epsilon-tantalum nitride and ammonium halide precursors at high
pressures exceeding several gigapascals. Synchrotron x-ray diffraction and Transmission Electron Microscopy (TEM) observations revealed
that they had crystallized in an unreported hexagonal structure with lattice parameters of a=3.050(1) A and ¢=2.909(2) A. The one-
dimensional growth orientation was along the crystallographic [001] direction. Scanning TEM-EDX elemental analyses showed that the
nanowire crystals were composed of tantalum and nitrogen with small amounts of oxygen. The presence of the melted ammonium halides
combined with supercritical ammonia acting as a reactive flux at high pressure and temperature played a significant role in the nanowire
crystal growth. Raman spectroscopy performed on several single crystal nanowires pointed toward metallic properties, and the temperature
dependence of the magnetization measured by Superconducting Quantum Interference Device magnetometry suggested a superconducting
transition about 6.2 K. The analysis of the compression behavior revealed an incompressible nature, and the bulk modulus was determined
to be 363(6) GPa.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5140856

Metal nitrides, in particular, those of transition metals (TMs),
have attracted remarkable attention in solid-state and applied
physics in terms of ultra-high bulk modulus and high hardness,'
superconductivity,”” wide-bandgap semiconductors,” ferromagnetism,”
and so on. Pressures in the gigapascal (GPa) range have played a
crucial role in the development of TM nitrides” as they favor the
unconventional N-N bonding in the crystal structures of TM
nitrides. A number of TM nitrides and pernitrides, such as MoN,"’
MoN,," ™% PtN,,” Ta,N3,'* TasNs,'” Hf;N,,'® Zr;N,,'” FeN,,'®"”
TiN,,”” RuN,,”" ReN,,*>*’ W2N3,24 and so on, have been discovered
at high pressures. Furthermore, the crystal morphology often
controls the functionality of crystalline materials because physical
properties are sensitive to the shape of crystals and can be substan-
tially improved by minimizing their dimensionality.”””° One-
dimensional (1D) crystals (e.g., nanowire crystals) bear several
advantages, such as a high surface-area-to-volume ratio, nearly
perfect crystalline geometry, or high theoretical strength, which can
significantly improve the electronic, optoelectronic, thermal, or
mechanical characteristics.””*' However, growing metal nitride

crystals with a 1D architecture under high pressure lies ahead. In
general, crystals of 1D materials can be naturally grown with a
highly anisotropic crystal morphology in an isotropic growth envi-
ronment. For materials with higher crystal structural symmetry, the
anisotropic growth must be induced by symmetry breaking in the
nucleation step of the crystals.”” Various strategies have been dem-
onstrated for growing 1D materials, including vapor-liquid-solid
(VLS), vapor-solid (VS), template-directed, or solvothermal
growth.””!

A flux method is one of the most established techniques for
crystal growth and can be readily applied for extreme conditions of
GPa-high pressure and high temperature (high P-T conditions).” **
In the present study, the flux technique has been employed to grow
1D nanowire crystals of TM nitrides. Ammonium halides (NH,X with
X = Cl, Br, I, F) seem to be appropriate flux candidates under high
P-T conditions as presented for the high P-T synthesis of f-MNX
(M = Zr, Hf, X = Br, )”” or MoN" crystals. Ammonium halides are
convenient to handle, they are solid at ambient conditions and highly
soluble in water, and thus, residuals can be easily removed. However,
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the NH,X behavior is still not entirely elucidated at extremely high
P-T conditions.

In the present study, nanowire crystals (NWCs) of tantalum
nitride were grown from Ta nitride and ammonium halide NH,X
(with X = CL; I Br; F) precursors at high pressure (1-5GPa) and
temperature (1000-1400 °C). Tantalum nitrides are considered to be
attractive functional materials. For instance, NaCl-type TaN possesses
superconductivity”** and WC- and NaCl-type TaN and TasN, have
high bulk moduli, which are likely to be hard materials,”” whereas
Ta;N; is an efficient photocatalyst for water splitting."”"" Beyond that,
it has been recently proposed that WC-type TaN and NbN are topo-
logical semimetals, which provide an interesting type of point node,
i.e., triply degenerate nodal points.** Although Ta nitrides show these
interesting physical and chemical properties and some nano-sized 1D
TaN crystals"”*"** have been reported, achieving their crystal growth
in one crystallographic direction remains challenging.

For the crystal growth experiments, raw materials were homoge-
neously mixed according to the molar ratio of &-TaN:NH,X = 1:1 or
1:2 (with X = Cl; I; Br; F) in a glovebox operating in an argon atmo-
sphere. High pressures were applied by the transformation of uniaxial
forces of hydraulic presses into quasi-hydraulic pressure using a
DIA-type multi-anvil press (Fig. S1). Recovered samples were identi-
fied by in-house x-ray diffraction (XRD, Rigaku Raxis-VII, Cu-Kao,
) = 15418 A) and synchrotron XRD at the Aichi Synchrotron
Radiation Center (BL2S1 and BL5S2, 2 = 0.7499-0.9999 A),** Aichi
Science and Technology Foundation (Japan). Field-emission Scanning
Electron Microscopy (SEM) operating at 10kV (Hitachi S-4800) and
Transmission Electron Microscopy (TEM) combined with selected
area electron diffraction (SAED) by using a JEM-2100F operated at
200 kV provided details of the one-dimensional nature of the materials.
The chemical composition was extracted by energy dispersive x-ray
spectrometry (EDX) analyses at a scanning TEM (STEM) mode by
using a JEM-ARM200F operated at 200kV equipped with an SDD-
EDX system. For further Raman scattering measurements, a finely
focused laser with a monochromatic wavelength of 473 nm (<15 mW)
was used as an excitation source. A large number of randomly
arranged NWCs were analyzed with Superconducting Quantum
Interference Device (SQUID) magnetometry (Quantum Design
MPMS3). Samples were carefully prepared based on literature recom-
mendations”*® for measurements of small samples with weak mag-
netic signals. Finally, the compression behavior was studied with high-
pressure in situ synchrotron XRD by using a diamond anvil cell (DAC)
at the Aichi Synchrotron Radiation Center (BL2S1, A = 0.7499 A

Figure 1 presents SEM images of NWCs obtained after 3 GPa
and 1100°C treatment of a homogenous mixture of ¢-TaN (P62m)
and NH,CL. The NWCs had high aspect ratios (length to diameter) of
up to ~300 with diameters of ~40 to 200 nm and lengths of ~100 nm
to in some cases more than ~50 um depending on the respective wire.
Some NWCs exhibited wave-like morphology and elemental map-
pings of these structures confirmed tantalum and nitrogen within
them [Figs. 1(c) and 1(d)]. The largest NWCs were even visible under
high magnifications with a light microscope and were significantly
bent by a fine needle. In addition to the NWCs, numerous bulk crys-
tals in a hexagonal shape were found in the samples synthesized at
lower pressures (<3 GPa).

To investigate pressure effects on the crystal growth, the synthesis
pressure had been systematically changed. The number of NWCs

scitation.org/journal/apl
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FIG. 1. (a) Schematic illustration of the high-pressure synthesis using TaN and
NH,ClI precursors. (b) A SEM image displays a “spider web” of NWCs after washing
(inset: high-aspect ratio NWC). (c) SEM images of wave-like NWCs before wash-
ing. (d) and (e) Corresponding elemental mappings of tantalum and nitrogen
(P, T=3GPa, 1100°C).

steadily increased concomitant with the vanishing of hexagonal crys-
tals with increasing pressure (Fig. S2), until almost solely NWCs were
present in the recovered sample at 5 GPa and 1100 °C. These findings
were consistent with synchrotron XRD patterns (Fig. 2) indicating the
coexistence with hexagonal TasNg"” or TasNg_xOy " (P65/mcm) which
most likely correspond to the hexagonal crystals in the samples syn-
thesized at lower synthesis pressures (1-3 GPa). SEM-EDX measure-
ments on these crystals detected small amounts of oxygen, suggesting
a TasNg_xOy phase. The lattice constants of this hexagonal phase were
calculated to be a=5.179(1) A and ¢ = 10.361(2) A, which are consis-
tent with those reported in the literature.**

As the number of NWCs increased with growth pressure, several
reflections assigned to the nanowires became more intense while the
other reflections almost disappeared [Fig. 2(a)]. From these reflections,
the crystal structure of the NWCs was solved to be hexagonal with
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FIG. 2. (a) Synchrotron XRD pattern of the samples obtained from TaN-NH,CI
after washing (P, T=3 and 5GPa, 1100 °C). Diffraction patterns were collected
from several single NWCs isolated from the bulk agglomerate. The arrows mark
unknown lower intense and broad reflections that might have been originated from
monoclinic TaON.***" (b) Le Bail refinement of the XRD pattern of the sample that
is almost solely composed of nanowires.

Appl. Phys. Lett. 116, 123102 (2020); doi: 10.1063/1.5140856
Published under license by AIP Publishing

116, 123102-2


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

lattice constants of a=3.050(1) A and c=2909(2) A. These are
very similar to those of synthesized WC-type TaN (P6m2)™"
(a=2.933-2.934 A), c = 2.880-2.882 A) and almost the same as theo-
retical values (a=2913-3.0184A, ¢=2.862-2.967A).” Since the
observed reflections satisfied the diffraction conditions hhl: I=2n and
00I: 1= 2n, the space group was expected to be one of P6¢cc (No. 184),
P6smc (No. 186), P62c-(No. °190), P6/mcc (No. 192), or P6s/mmc
(No. 194). A Le Bail refinement’”” [Fig. 2(b)] agreed well with the
observed pattern confirming their hexagonal structure and Superflip™*
solved the P6;/mmc space group. These crystallographic data differed
from those of reported TaN phases as well as from the space group of
WC-type TaN as illustrated by the simulated reflections in Fig. 2(b)
(compare Table S1). Accordingly, the NWCs were considered to be a
Ta nitride phase that crystallizes in an unreported hexagonal structure.
With all these points in mind, several single NWCs were investi-
gated using TEM and Raman spectroscopy to confirm and amplify the
crystallographic details. Figure 3(a) displays a TEM micrograph of a
NWC. From the tilting series of SAED patterns (Fig. S3) taken from
the NWC, the sharp diffraction spots were able to be indexed by
the lattice constants obtained from XRD. Growth orientation of the
hexagonal NWCs was along the crystallographic [001] direction and
STEM-EDX analyses indicated that the atomic compositional ratio of
Ta:N:O was approximately 1:1:0.1-0.2 (Fig. S4), concluding an
oxygen-doped TaN NWC phase, i.e., TaN(O). The oxygen-bearing
phases have most likely resulted from the presence of oxygen in the
reaction chamber. Oxygen might have been introduced by impurities
in the starting material, as particularly NH,Cl is hygroscopic and,
therefore, could be contaminated with H,O. Due to the small amounts
of oxygen, the NWCs were referred to as oxygen-doped Ta nitride
(TaN). No peaks were detected in the Raman measurement spectra
recorded on several single NWCs [Fig. S5(a)]. Although no crystallo-
graphic information was obtained from the data, the absence of Raman
signals marked a non-Raman active crystal structure (e.g., crystals, in
which atoms occupy symmetry centers) or metallic characteristics.
Regarding the possible metallic nature and the matter of fact that
TM nitrides often feature a superconducting transition,” a large num-
ber of NWCs were measured using a SQUID magnetometer. The sharp
clear decrease in the zero-field cooling (ZFC) of the magnetization data
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FIG. 3. (a) TEM micrograph of an oxygen-doped TaN NWC. (b) Pressure depen-
dence of the lattice volume of the TaN NWCs. The insets illustrate the shift of the
main 100 reflection to higher 2 theta values with increasing pressure (left) and
the pressure dependence of the lattice parameter a and ¢ that are normalized by
the lattice parameters at zero-pressure (right). The dashed line represents the fitting
to the Birch-Murnaghan equation of state. If error bars are not shown, errors are
smaller than the symbols.
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(M/H) and the difference between the field cooling (FC) and ZFC
curves suggested a superconducting transition at 6.2 K of the NWCs
[Fig. S5(b)]. The gradual increase in the FC magnetization data at low
temperatures indicated a magnetic phase impurity with a Curie-Weiss-
type (CW-type) temperature dependence of the magnetization.
Excluding the CW term from the raw data pointed toward typical
behavior of usual superconductors. Because the superconducting
NaCl-type TaN phase (T. ~ 4-11K)*>*° was not detected by synchro-
tron XRD in the measured sample [Fig. S5(c)], it is strongly suggested
that the oxygen-doped TaN NWCs show a superconducting transition
at6.2K.

Another feature of TM nitrides is a high bulk modulus that is
often associated with a high degree of material strength. To receive
details about the elasticity of the NWCs, their compression behav-
ior was examined by high-pressure in situ synchrotron XRD. Figure
3(b) shows that the lattice volume monotonically decreased with
increasing pressure, while the ¢ axis possessed less compressibility
than the a axis. The pressure-volume data were fitted to the
Birch-Murnaghan equation of state, which takes the form in its sec-

ond order,
3By (VN | v\
NG
2 \Vy Vo

with P being the pressure, B, being the zero-pressure bulk modulus,
and V|, being the lattice volume at zero pressure. From a least squares
fitting, the zero-pressure bulk modulus was derived to 363(6) GPa,
which is higher than that of NaCl-type TaN (B, = 295(1) GPa),
e-TaN (B, = 318(4) GPa), WC-type TaN (B, = 351(4) GPa),”” and
Ta,N; (B, = 319(6) GPa).”” This observation indicated an incom-
pressible nature of the NWCs. For details, it is referred to the
supplementary material (Table S1 and Fig. S6).

In order to not only clarify the intrinsic physical properties
but also grow a larger number of NWCs, the investigation of their
growth process and mechanism became of particular interest. No
NWC growth had been observed in experiments below the solidus
of the ammonium chloride,” which supported that the growth
strongly depends on the melting of NH,Cl. Higher synthesis tem-
peratures (e.g., 1300-1400°C) or shorter heating times (e.g.,
5-30min) did not affect the TaN NWC growth in a significant
manner. The details are presented in Fig. S7. For more growth
details, starting e-TaN and NH,4CI precursors were pre-pressed to
pellets and layered in the reaction chamber to survey the boundary
between them (Figs. 4 and S8).

The SEM image on a longitudinal section of the recovered
sample synthesized at 3 GPa and 1100 °C points toward hexagonal
platelet crystals of TasNs_4Oy on the boundary to the starting bulk
TaN, followed by a large number of NWCs grown on the layer of
the hexagonal crystals [Fig. 4(b)]. Since no hexagonal platelet crys-
tals of the TasNg_,Oy phase were detected in the SEM image [Fig.
4(c)] and XRD pattern of the samples synthesized at 5GPa and
1100 °C, this phase tends to be unstable at the given PT condition.
Nonetheless, the presence of oxygen in both synthesis products,
oxygen-doped TaN NWCs and TasNg_ ,Oy crystals, hinted that
oxygen contamination played an important role in the NWC
growth. The most likely oxygen source was H,O in the raw NH,Cl
due to its hygroscopic nature.
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3 GPa, 1100°C TasNg0x HPCs
Bulk TaN

(a)

5GPa, 1100&

FIG. 4. Simplified illustration of the two-layer cell of the TaN and NH4CI (with H,0)
precursor (a) before the chemical reactions to TasNg_4Oy and TaN(O), after growth
of (b) hexagonal platelet crystals (HPCs) and nanowire crystals (NWCs) at 3 GPa,
1100°C (red area: see Fig. S8) and (c) only NWCs at 5 GPa, 1100 °C. Note that
the real number of NWCs was several times higher as shown in the SEM images
of the respective longitudinal section of the recovered samples.

Therefore, two chemical reactions for the formation of
TasN_ Oy and TaN(O) are given as follows:
Formation of TasNg_,Oy

5TaN + (1 — x) NH4C1 +XH20

3
— Tast,xOx + Ttz + (1 — x)HCl (2)
Formation of TaN(O)
1—x
Tag,Ns,XC)X — 5TaNOx/5 + TNZ (3)

After all
5TaN + (1 — x)NH4Cl + xH,0
— 5TaNOy 5 + I%XNZ + %Hz +(1-x)HC (4)
or

5TaN + (1 — x)NH,Cl 4+ xH,0 — 5TaNOy5 + (1 — x)NH;
+xH, + (1 — x)HCL (5)

Indeed, the presence of the minor reaction product HCl was indi-
cated by a short and intense smell immediately after the sample recov-
ery of the high-pressure experiments. The brittle nature of the
recovered bulk sample further revealed the gaseous and fluid products
during the high P-T treatment. Besides, the longitudinal section SEM
images of the recovered samples [Figs. 4(b) and 4(c)] point out a pleth-
ora of space and solidified materials among the NWCs. The latter
were almost removed by washing the sample in water. These findings
support the above-mentioned chemical reactions of the generation of
gaseous/fluid materials and imply that the NWCs had been grown in
the fluid, ie., supercritical fluid, or melted material at 3-5 GPa and
1100 °C operating as a solvent flux. Ammonia mixed with hydrogen
generated as proposed was able to act as supercritical fluids, whereas

ARTICLE scitation.org/journal/apl

the melted material was most likely NH,Cl. One potential factor
for the 1D morphology could be the longitudinal temperature gradient
in the reaction chamber induced by the axial extent of the carbon
furnace that generated high thermal conduction along the axis of the
assembly. Reasons for the morphology of the NWCs remained unclear
due to the not entirely elucidated crystal structure at this stage. Also
noteworthy is that the nanowire crystals could not be grown in experi-
ments by using Ta and NH,4Cl precursors in which WC-type TaN was
synthesized. Finally, the growth experiments were extended to the
other ammonium halides (NH,X with X =1; Br; F), in which the pres-
ence of nanowires was confirmed (Fig. S9).

In summary, nanowire crystals of oxygen-doped Ta nitride were
fabricated from TaN and NH,X precursors under GPa-high P-T con-
ditions. They had diameters of ~40-200 nm and lengths of ~100 nm
to, in some cases, more than ~50um. The oxygen-doped TaN
NWC was found to crystallize in the hexagonal crystal structure with a
P63/mmc space group grown along the crystallographic [001] direc-
tion, and SQUID magnetometry suggested a superconducting transi-
tion at 6.2K. Chemical reactions for the growth of the nanowire
crystals had been proposed and melted NH,X in combination with
supercritical NH; operated as a flux, which significantly controlled the
crystal growth. As a result, high-pressure techniques combined with
an ammonium halide flux could facilitate unique growth conditions
for other 1D nitride-based crystals not accessible at ambient condi-
tions. Further studies are required to understand the growth mecha-
nisms, to determine the atom positions in the crystal structure, and to
explore the electronic properties of the nanowire crystals. This could
not only promote theoretical investigations on their electronic struc-
ture to clarify the reasons for the superconducting transition but also
result in the establishment as materials, potentially for electronic appli-
cations of the TM nitride nanowire crystals.

See the supplementary material for additional information about
high-pressure crystal growth experiments, Scanning and Transmission
Electron Microscopy observations, Raman spectroscopy, SQUID mag-
netometry, and the analysis of the compression behavior.
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