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It is important to study the properties of high quality single crystal in order to resolve the issue of an interesting
material in which certain debatable fundamental properties exist. However, it is unfortunate that a sizable single
crystal for experimental measurements is not always available. NbN is one of the examples; it has attracted
scientific and engineering interest due to its diverse physical properties and a variety of structural phases. Until
now superconductivity is only observed in cubic δ- and tetragonal γ -NbN but not in hexagonal ε-NbN. Recently,
Zou et al. reported the observation of superconductivity with Tc ∼ 11.6 K in a hexagonal ε-NbN based on
the measurement on a multiphase powder specimen. In order to resolve the issue, the work used the electron
backscattering diffraction technique to characterize phases of micron-size NbN crystals from commercial
powders and measure their transport properties. Our results unambiguously confirm that the hexagonal ε-NbN
phase is not superconducting.

DOI: 10.1103/PhysRevB.105.174512

I. INTRODUCTION

Niobium nitride has attracted a lot of attention owing to its
renowned novel properties, such as high hardness, large bulk
modulus, ultraincompressibility, and high shear rigidity [1].
Furthermore, the cubic δ-NbN exhibits superconductivity with
Tc up to 17 K, which has been widely applied to numerous ap-
plications, such as Josephson junctions [2], superconducting
cavity [3], and superconducting hot-electron photon detec-
tors [4]. NbN has five polymorphs, including cubic δ- [5,6],
tetragonal γ - [7–9], hexagonal WC- [10], hexagonal δ′-, and
hexagonal ε-NbN [11,12], as tabulated in Table I. The struc-
ture of tetragonal γ -NbN is distorted from cubic δ-NbN
due to the existence of nitrogen vacancy [8,9]. The three
hexagonal phases of WC-, ε-, and δ′-NbN are differentiated
by the distinct position of niobium atoms. Particularly, the
hexagonal ε- and δ′-NbN have the same space group as the
c axis of ε-NbN being twice that of δ′-NbN. It has been well
established that cubic δ- and tetragonal γ -NbN exhibit super-
conductivity [13–15]. No superconductivity was reported in
hexagonal phases until recently; Zou et al. [16] claimed it

*These authors contributed equally to this work.
†Corresponding author: poollotus0426@gmail.com
‡oumn@gate.sinica.edu.tw
§cheny2@phys.sinica.edu.tw

to be superconducting with possibly topological. The report
was based on the observation of superconductivity in ε-NbN
powder using magnetization and resistivity measurements on
a specimen containing 2% cubic δ-NbN impurity. This report
has attracted great attention due to the potential discovery of
topological superconductivity in the NbN system.

Many theoretical efforts have been carried out to investi-
gate the mechanical properties, electronic band structure, and
lattice dynamics [17–19] of ε-NbN. The hexagonal phase was
recognized as more stable than the cubic phase in line with the
total energy calculations [19]. Recently, Chen et al. [20] found
that ε-NbN has high-order Dirac and Weyl points. Babu et al.
[21] reported that all four NbN bulks show the characteristic
of topological insulators based on the density functional the-
ory calculation with the generalized gradient approximation.
Interestingly, they claimed that the electron-phonon coupling
(λ) in cubic δ-NbN (λ = 0.98) is much stronger than in
hexagonal ε- (λ = 0.16), WC- (λ = 0.11), and δ′-NbN (λ =
0.17). This results in a much higher superconducting tran-
sition temperature (Tc = 18.2 K) in cubic δ-NbN. Besides
the bulk, NbN thin films have also been extensively stud-
ied. The cubic δ-NbN has a wide range of superconducting
temperature (10.2–16.6 K) [22,23], which sensitively depends
on lattice parameters and the atomic ratio of N/Nb [24–27].
Since the ratio of N/Nb and lattice parameters of films can be
controlled by rf sputtering conditions via adjusting nitrogen
pressure and substrate temperature [26,27], subsequently the
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TABLE I. The atomic structures, space group, and Tc of NbN for cubic δ-NbN, tetragonal γ -NbN, hexagonal WC-NbN, hexagonal δ′-NbN,
and hexagonal ε-NbN phases. Nitrogen and niobium are represented by gray and green symbols respectively.

δ-NbN γ -NbN WC-NbN δ′-NbN ε-NbN

Crystal structure Cubic Tetragonal Hexagonal Hexagonal Hexagonal

Space group F m–3 m I–4 m 2 P–6 m 2 P63/mmc P63/mmc

Tc of bulk 13–17.2 K [13–15] 7.8–15 K [13,14] 11.6 Ka [16]

Tc of film 10.2–16.6 K [20,21]

Tc in this work 11.2 K 7.6 K

aThe result is not confirmed.

physical properties of cubic δ-NbN films can be tuned by the
deposition conditions. Chen et al. [28] reported that the two
phonon bands in cubic δ-NbN were shifted to high frequency
by increasing pressure, and raised Tc to a saturated value of
12.6 K at 42 GPa. The enhancement of Tc is attributed to the

FIG. 1. Powder x-ray diffraction patterns and Rietveld refine-
ment. (a) A pure cubic δ-NbN powder (from Alfa Aesar, after
postannealing) (ICSD no. 98-008-9860). (b) A main phase of ε-NbN
powder with wt % of various phases (from Goodfellow); impurity
phases are represented by symbols * and •.

pressure induced electronic stiffness which is in connection
with the phonon frequency shifting [29]. The hexagonal ε-
NbN film was grown in 1974 by annealing cubic δ-NbNx films
in H2 at 1000 ◦C [11]. The resistivity measurements showed
no superconductivity for T > 1.77 K, which is consistent
with the theoretical calculation [23]. Anand et al. computed
the density of states of the monolayer hexagonal honey-
comb and rectangular structures of NbN [30] and pointed
out that the rectangular NbN monolayer is a superconductor,
nonetheless the hexagonal honeycomb NbN monolayer is a
semiconductor.

Based on the above discussion, the superconductivity in
ε-NbN remains to be elucidated. The specimen studied by
Zou et al. was powder with 2% cubic δ-NbN impurity.
Therefore, it is significant to examine superconductivity in a
well characterized hexagonal ε-NbN crystal. Unfortunately,
it is difficult to obtain large-size hexagonal ε-NbN single
crystal, which can only be prepared using high-pressure syn-
thesis, and typically in μm size. In this paper, we report

FIG. 2. The zero-field cooling (ZFC) magnetic susceptibility for
the cubic δ-NbN and the major hexagonal ε-NbN powder at a con-
stant field 10 Oe.

174512-2
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TABLE II. The lattice parameters and wt % fraction for the pure cubic δ-NbN and the major phase hexagonal ε-NbN powder. The results
are calculated from the Rietveld refinement using PANalytical X’pert Highscore Plus software.

Sample Phase component Wt % a, b (Å) c (Å)

δ-NbN powder δ-NbN 100% 4.385(4)
Major phase ε- NbN powder ε-NbN 70% 2.960(6) 11.269(2)

δ′-NbN 15% 2.971(8) 5.544(9)
γ -NbN 10% 4.386(9) 8.619(4)
δ-NbN 5% 4.431(5)

the results of using an innovative approach, which com-
bines the electron backscattering diffraction (EBSD) and a
platform with patterned electrodes, to measure the resis-
tivity of a μm-size hexagonal ε-NbN single crystal. Our
results unambiguously show that the hexagonal ε-NbN is
nonsuperconducting.

FIG. 3. (a) Temperature dependence of specific heat for cubic
δ-NbN at different magnetic fields. Inset: C/T versus T 2 fit. (b) Tem-
perature dependence of electronic specific heat in superconducting
state, Ces. The red dashed line is fitting of BCS theory.

II. EXPERIMENT

We first study the available NbN powder specimens by
x-ray characterization and magnetic and specific heat mea-
surements. The cubic δ-NbN was prepared by annealing the
on-shelf product from Alfa Aesar (batch no. J03Z045) at
1400 ◦C for 3 h. The hexagonal ε-NbN powder was purchased
from Goodfellow (batch no. 476442, purity 99%). The ε-NbN
powder was further synthesized under conditions of 10 GPa
and 1200 ◦C for 1.5 h in a high-pressure multianvil apparatus.
All samples were characterized by x-ray diffraction using a

FIG. 4. (a) Temperature dependence of specific data of the major
phase ε-NbN powder at 0 and 8 T, plotted as C/T versus T 2. (b) The
specific heat of superconducting state is fitted to the 12% tetragonal
γ -NbN with Tc of 6.8 K and 7% cubic δ-NbN with Tc of 13.7 K.
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FIG. 5. (a) The SEM image of the whole specimen for the cubic δ-NbN crystal. The part enclosed by the yellow frame was taken for RT
measurements. (b) EBSD phase mapping of the whole specimen. Pink color represents the δ-NbN phase; although the orange color is assigned
to represent tetragonal γ -NbN, it is believed to be misjudged by the roughness near sample edge since EBSD result is very sensitive to the
surface flatness. The yellow color represents δ′-NbN and the red color represents ε-NbN; both of them are less than 2% which is in the range of
measurement resolution. Panels (c) and (d) represent the measurement of crystal orientation by exam of pole figures, while (c) presents inverse
pole figure mapping of the scanning plane close to the lattice plane (101) and (d) the reproduced pole figures for lattice plane {100}, {110},
and {111}. (e), (f) The in situ SEM EDX mapping for N-Kα and Nb-Lα lines of the crystal. (g) The overlapping of Kikuchi pattern and EBSD
pattern of the crystal.

FIG. 6. (a) The image of the cubic δ-NbN crystal loaded on an electrical measurement platform. (b) A drawing of parallel electrodes at
the center of the platform. (c) Temperature dependence of electrical resistance for the cubic δ-NbN crystal with 50 × 30 μm in size. The black
and red curves represent different measurements using different pairs of electrodes for voltage measurement; one has 8 μm and the other
has 18 μm in separation. A minor phase of cubic NbN with even higher nitrogen deficiency was revealed in a second drop at T ∼ 10 K for
measurements with two different set of electrodes. Due to the interference of first drop the real Tc of the second drop is estimated to be >10 K.
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powder diffractometer (PANalytical X’Pert Pro) with Cu-Kα

(λKα = 1.5406 Å) source. The magnetic susceptibility and
specific heat were measured by a superconducting quantum
interference device magnetometer (Quantum Design Inc.) and
a homemade thermal relaxation calorimeter [30], respectively.

III. RESULT AND DISCUSSION

The powder x-ray diffraction patterns of a cubic δ-NbN
powder and an ε-NbN powder specimen with minor impu-
rities are displayed in Figs. 1(a) and 1(b), respectively. The
results were calculated from the Rietveld refinement using
PANalytical X’pert HighScore Plus with corresponding error
∼ ±2%. The diffraction pattern of δ-NbN powder specimen
is well fit to the characteristic peaks of the cubic structure of
Fm-3m with a lattice parameter a = 4.385(4) Å without any
impurity (Table II). On the other hand, the ε-NbN powder
specimen, based on the Rietveld refinement results (Fig. 1),
consists of a major phase of ε-NbN (∼70%) together with
δ′- (15%), γ - (10%), and δ- (5%) NbN impurity phases. The
refined lattice parameters and the weight percent for all phases
are tabulated in Table II. The lattice parameters for the major
phase of ε-NbN are a = 2.960(6) Å, c = 11.269(2) Å. The
lattice parameters are similar to the previous report by Zou
et al. [16]. We note that most diffraction peaks of the γ -NbN
phase overlap with those of the ε-NbN phase.

The magnetic susceptibilities of the cubic δ- and the ma-
jor phase hexagonal ε-NbN powder specimens are shown in
Fig. 2. The susceptibility of the pure δ-NbN powder shows a
clear superconducting transition at 13.6 K with almost 100%
superconducting volume fraction of the theoretical value. The
data for the major phase ε-NbN powder specimen are similar
to that observed by Zou et al. [16], i.e., two weak super-
conducting transitions with corresponding superconducting
volume fractions ∼10% and ∼5% appear at 11.6 and 17.1 K,
respectively. Comparing the Tc values of various phases
[7,13,14] and the superconducting volume fractions obtained
from x-ray diffraction (Table II), we come to a conclusion that
the two superconducting transitions are from the minor γ and
δ phases respectively, and has nothing to do with the ε-NbN
phase.

In order to further understand the superconductivity ob-
served, the low temperature specific heat measurements were
carried out using the thermal relaxation method [31]. The
temperature dependence of specific heat of δ-NbN at various
magnetic fields is shown in Fig. 3(a) for a 20-mg compressed
powder specimen. A superconductivity transition at 11.2 K
with a transition width of 2.6 K was observed in specific
heat at zero magnetic field. The relatively broad transition
can be attributed to the integration of Tc distribution aris-
ing from the composition variation in the specimen. The Tc

of δ-NbN is clearly suppressed by the magnetic field. The
low temperature specific heat of the normal state can be de-
scribed by the formula C/T = γ T + βT 2 [inset of Fig. 3(a)].
The derived relevant parameters are the linear coefficient of
specific heat γ = 2.9 mJ/K2 and β = 2.8 × 10−2 mJ/K4 mol,
from which the Debye temperature �D is estimated to be
408 K using the equation β = (12/5)Nπ4R/�3

D, where R
is the gas constant. Figure 3(b) depicts the plot of Ces/γ T
versus T/Tc near the transition. The derived superconducting

FIG. 7. (a) Temperature dependence of electrical resistivity of
the cubic δ-NbN crystal under magnetic fields 0, 1, 2, 3, 5, 7, and
9 T. (b) Upper critical field as a function of temperature. The Tc is
determined from the resistivity at 90% drop from the normal state
value.

heat capacity jump 
C/γ Tc is 1.7, slightly larger than the
1.43 of the Bardeen-Cooper-Schrieffer (BCS) model. Below
Tc = 11.2 K, the electronic specific heat of superconducting
is obtained by fitting to an exponential formula Ces(T )/γ Tc =
12.05e−1.52Tc/T , where Ces(T ) = Ctotal − Cn. The average su-
perconducting energy gap Eg is about 3.04 kBTc, which is close
to the BCS value of 3.5 for an s-wave superconductor.

For the ε-NbN powder specimen, no clear specific heat
anomaly associated with the superconducting transition was
observed, as shown in Fig. 4(a). However, the data reveal a
small but wide bump spanned in the temperature range 10–
17 K. After phonon background subtraction, the data can be fit
to a sum of two superconducting transitions arising from the
minor phases of γ -NbN (∼12%) of 6.8 K and δ-NbN (7%) of
13.7 K. The specific heat results further confirm that the super-
conducting transitions observed come from the minor phases
of γ - and δ-NbN, not from the main ε-NbN (70%) phase.
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FIG. 8. (a) The SEM image of the hexagonal ε-NbN crystal. (b) EBSD phase mapping of the specimen. Red color area represents ε-NbN
phase; a tiny pink area is believed the unevenness near sample edge. (c) Inverse pole figure mapping of the lattice plane (001). Inverse pole
figure mapping for crystal structural orientation. The red color indicates the sample surface is close to (001) plane as shown in the bottom
color map. (d) The reproduced pole figures for lattice plane {0001} and {10-10}. Panels (e) and (f) are the in situ SEM EDX mapping
for N-Kα and Nb-Lα lines respectively of the crystal. (g) The overlapping of Kikuchi pattern and EBSD pattern of the hexagonal ε-NbN
phase.

In order to exclude the proximity effect on multiphase
powder specimens which includes a superconducting ingre-
dient, we have developed an innovative technique to directly
measure the electrical resistivity of μm-size cubic δ- and
hexagonal ε-NbN single crystals. We first identified the micro-
size single crystals of δ- and ε-NbN by electron backscattering
diffraction technique (EBSD) using JEOL JSM-7800F Prime.
The cubic δ- and hexagonal ε-NbN single crystals are then
loaded to specially designed platforms fabricated by lithog-
raphy and focused ion beam method respectively, which are
specifically suitable to the four-probe electrical measurement
in the Physical Property Measurement System (PPMS) from
Quantum Design, Inc.

A tiny particle with size of 50 × 30 × 5 μm3 was selected
from commercial powder of δ-NbN (Alfa Aeser Co.). The
specimen was polished to satisfy the strict measurement cri-
terion of EBSD for identifying the exact NbN phase. It was

first buried in epoxy for metallurgy polishing; a flat surface
of the particle is shown by a SEM (scanning electron micro-
scope) image in Fig. 5(a). The cubic δ-NbN of the particle
is confirmed by EBSD [Fig. 5(b)], which was identified as a
single crystal of the scanning plane with (101) surface shown
in the inverse pole figure mapping [Fig. 5(c)]. The reproduced
pole figures for the lattice plane are {100}, {110}, and {111}
as shown in Fig. 5(d). In the in situ SEM EDX mapping, red
color represents N-Kα lines [Fig. 5(e)] and pink color repre-
sents Nb-Lα lines [Fig. 5(f)] of the crystal. The cubic δ-NbN
was identified by well overlapping the calculated Kikuchi and
measured EBSD patterns [Fig. 5(g)] from which the lattice
parameter a was estimated to be 4.385(5) Å.

Figure 6(a) displays the image of the sample and platform.
In Fig. 6(b), a drawing shows the center of the platform
with 16 parallel Au electrodes 2 μm in width deposited on
a SiO2/Si substrate. The polished μm-size δ crystal was
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FIG. 9. (a) The SEM image of the ε-NbN crystal with four electrodes for electrical resistance measurements. (b) Temperature dependence
of electrical resistance of the ε-NbN crystal; no superconductivity was discovered. (c) Temperature dependence of electrical resistance of the
ε-NbN crystal in 0 and 1 T at low temperatures.

transformed to the platform with the flat side in contact
with electrodes for measuring resistivity [Fig. 6(a)]. The
temperature dependence of electrical resistivity of the δ-NbN
crystal is shown in Fig. 6(c). The data reveal the resistive
superconducting transition with onset Tc of 12.8 K, which is
in good agreement with that of the cubic NbN single crystals
reported [28,29]. It is known that the Tc of δ-NbN is sensi-
tively influenced by the stoichiometry of the specimen [25].
From the Tc value, we estimated this specific μm-size crystal
having a ∼25% nitrogen deficiency which is supported by
the result of the field emission electron probe microanalyzer
(EPMA). The temperature dependence of resistivity under a
magnetic field is shown in Fig. 7(a). The superconducting
transition temperature is suppressed to 6.6 K as magnetic
field up to 9 T. The estimated upper critical field at zero
temperature, HC2(0), is about 21.3 T, using the formula of
HC2(T ) = HC2(0)[1 − (T/Tc)3/2]3/2 [32,33] [Fig. 7(b)].

Using a similar method of sample characterization and
preparation, a hexagonal ε-NbN crystal with size of 50 ×
20 × 5 μm3 was obtained from a mix-phase powder from
Goodfellow Corp. The SEM image of the crystal is shown
in Fig. 8(a). The ε-NbN phase was confirmed by EBSD phase
map in Fig. 8(b). The sample surface close to the (001) plane
is identified by the inverse pole figure mapping of the crystal
in Fig. 8(c). The reproduced pole figures of the crystal for
the lattice plane {0001} and {10-10} are shown in Fig. 8(d).
The in situ SEM EDX mapping for N-Kα and Nb-Lα lines
of the crystal are shown in Figs. 8(e) and 8(f) respectively.
The hexagonal ε-NbN was demonstrated by good overlap-
ping of calculated Kikuchi and measured EBSD patterns
[Fig. 8(g)].

To examine whether the ε crystal is superconducting or not,
the ε crystal was contacted by four Pt electrodes for resistance
measurement using a focused ion beam (DBFIB-SEM, FEI
Nova 600 NanoLab) [Fig. 9(a)]. The temperature dependence
of electrical resistance of the ε crystal at 2–300 K is shown
in Fig. 9(b). The resistance exhibiting a metalliclike behavior
without any superconducting transition was observed at all
temperatures. No change in the resistance measurement at
magnetic field of 1 T was observed below 30 K; this conse-
quence further confirms the ε crystal is not a superconductor
[Fig. 9(c)]. The result is in good agreement with the earlier
experimental work on ε-NbN by Oya and Onodera [7], in
which no superconductivity is observed for T > 1.77 K and
also consistent with the theoretical prediction by Li and Liu
[19], Anand et al. [30], and Babu and Guo [21]. Furthermore,
the high quality of the single crystal was also demonstrated
by high residual resistance ratio (RRR) of 26.6 which is much
larger than 1 of NbN films [34–37].

IV. CONCLUSION

We have characterized the structure and the electrical resis-
tivity of μm-size single crystals of NbN. Combining the x-ray
diffraction, magnetization, and specific heat measurements,
we characterized the structural, transport, and magnetic prop-
erties of two powder specimens; one is a pure cubic δ-NbN
powder and the other is a multiphase powder with hexag-
onal ε-NbN as the major phase. The magnetic, specific
heat, and electrical conductivity data confirmed the supercon-
ductivity in cubic δ-NbN. For the multiphase powder with
hexagonal ε-NbN as the major phase, two superconducting
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transitions observed at 17.1 and 11.6 K observed in mag-
netic measurements can be clearly attributed to the impurity
phases of cubic δ- and tetragonal γ -NbN respectively in the
specimen. In order to exclude the proximity effect on multi-
phase powder specimens which includes the superconducting
ingredient, we made innovative platforms to directly measure
the electrical resistance of the single μm-size crystals, which
are obtained from the δ- and ε-NbN powders supplied by
Alfa Aesar and Goodfellow, respectively. These small crys-
tals are phase identified by electron backscattering diffraction
technique (EBSD). The direct resistivity measurements on
the μm-size crystals provide a concrete evidence that only
cubic δ-NbN is a superconductor whereas hexagonal ε-NbN is
nonsuperconducting. The technique that can directly measure

a μm-size crystal provides a tool in helping resolve important
scientific debates.
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