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Orthorhombic to monoclinic phase transition in NbNiTe2
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The high-temperature structural phase transition of the potential topological material NbNiTe2 has been
studied in detail. At high temperatures, the structure is centrosymmetric with orthorhombic space-group
P 2

m
2
n

21
a (Pmna), and distorts at 373 K to a monoclinic structure with space-group P11 21

a (P1121/a). A small
signature in specific heat and commensurate small release of entropy are observed at the phase transition.
The low-temperature monoclinic structure retains its inversion center and the symmetries associated with the
orthorhombic c axis. At high temperatures, NbNiTe2 shows phonon instabilities at � and X , which are removed
by the structural phase transition. The electronic structure of NbNiTe2 is only slightly affected, indicating this
ferroic phase transition is primarily due to steric effects.
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I. INTRODUCTION

Phonon-induced structural phase transitions where a
phonon mode is temperature dependent are at the heart of a
large number of physical phenomena, such as ferroelectricity,
ferroelasticity, and ferromagnetism [1]. In systems with strong
electron-phonon coupling, a structural transition will affect
the electronic band structure and vice versa. In fact, band
inversion driven by strong electron-phonon coupling has been
proposed as a driving mechanism for topological transitions
at finite temperatures [2–6]. The appearance of topological
properties upon small distortions are of great importance as
they would provide a practical way to switch between trivial
and nontrivial topologies using thermodynamic parameters,
such as pressure, magnetic field, and temperature.

Previously, Huang et al. investigated the compound
NbNiTe2 and reported the structure to have space-group Pm2a
[7]. Recently, Wang et al. found the structure to relax in
density functional theory (DFT) calculations to a higher sym-
metry of Pmna, thus indicating that the reported structure is
unstable [8]. The atomic displacements leading to the unstable
noncentric symmetry Pm2a were found to be accessible by
optical phonon modes. The reported phonon band dispersions
obtained in the high-symmetry Pmna structure indicate a soft
phonon mode that corresponds to a small monoclinic distor-
tion but including finite temperatures and zero-point energy,
the Pmna symmetry was deemed to be more stable. Further
electronic structure calculations by Wang et al. suggest that
the lattice distortion to the Pm2a space group results in
the emergence of 20 Weyl points [8]. Thus motivated, we
synthesized single crystals of NbNiTe2 to further study the
potential phase transition and electronic properties.

We find that the samples are metallic and nonmagnetic
across the temperature range of 2–400 K. We identify the
ferroic structural phase transition resulting in a centrosym-
metric monoclinic structure at TS = 373 ± 3 K. Details of the
structural, thermal, and electronic characterizations will be
discussed.

II. METHODS

Single crystals of NbNiTe2 were grown by chemical va-
por transport, details are given in the Supplemental Material
[9]. These crystals were investigated using single-crystal and
powder x-ray diffraction (XRD), specific-heat, differential
scanning calorimetry, magnetization, and electrical resistivity
measurements. Single-crystal x-ray-diffraction experiments
with full structure determinations were performed at 200
and 400 K using an Oxford Diffraction Xcalibur-2 CCD
diffractometer with graphite monochromatized Mo Kα radi-
ation. Both the 200- and the 400-K structure refinements have
been deposited as CIFs with the Fachinformationszentrum,
Karlsruhe, Germany [10].

Density functional calculations were performed to deter-
mine both the electronic and the phononic band structures
of NbNiTe2. The phonon calculation and initial relaxation of
the structure were performed using the projector augmented-
wave method [11] as implemented in the VASP code [12].
The atomic coordinates were then relaxed again using the
general potential linearized augmented plane-wave (LAPW)
method [13] as implemented in the WIEN2K code [14]. Phonon
dispersions were obtained using the finite difference method
as implemented in the PHONOPY code [15]. The structure was
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relaxed in a scalar relativistic approximation, and spin-orbit
coupling was included for the reported electronic structure
results.

III. RESULTS AND DISCUSSIONS

NbNiTe2 was originally reported to crystallize in a non-
centric orthorhombic structure with the space-group Pm2a
at room temperature [7]. More recently, the related phase
TaNiTe2 was reported in the centrosymmetric group Pmna
[16], thus, raising questions about the exact symmetry in these
systems. With an unstable phonon mode driving a transition to
the potentially noncentric space-group symmetry Pm2a and
resulting in the emergence of a topologically nontrivial Weyl
II semimetal [8], further investigations were warranted. New
DFT calculations were performed using the orthorhombic
Pmna structure as the starting point to elucidate the ground-
state structure of NbNiTe2. The calculated phonon dispersions
and corresponding phonon density of states of the orthorhom-
bic Pmna structure are shown in Fig. 1(I). The instability of
an optic branch at the zone center and at the X point are
consistent with prior work [8].

In order to computationally characterize the instability,
we froze a distortion corresponding to the unstable mode at
� and allowed for random displacement of the atoms. We
then fully relaxed the atomic positions without symmetry
imposed, whereas keeping the lattice constants fixed. This
relaxation led to a lower-energy monoclinic structure with the
space-group P1121/a. The choice of the nonstandard setting
for the monoclinic unit cell with a unique c axis is made
to retain the order of the unit-cell axes across the different
structures. The calculated phonon spectrum for the obtained
monoclinic structure shows no unstable phonon branches,
and, in particular, we no longer find an instability at the
point corresponding to X in the Pmna structure. To verify
the stability of the monoclinic structure, we further relaxed
the atomic positions using the all-electron LAPW method
with well-converged basis sets and a dense 12 × 14 × 16 k-
point grid for the Brillouin-zone sampling (see Supplemental
Material for technical details [9]). Importantly, we find that the
ground-state distorted structure is centrosymmetric, retaining
the 21 axis, inversion center, and glide mirror plane associated
with the orthorhombic c axis.

The DFT findings are in excellent agreement with experi-
mental results. Single-crystal XRD studies at 200 K show that,
at this temperature, NbNiTe2 is monoclinic with unique axis c
with space-group P1121/a and monoclinic angle γ = 90.77◦.
The NbNiTe2 structure remains monoclinic at room tempera-
ture as is immediately seen in the splitting of the orthorhombic
(211) peak in the powder-diffraction pattern (Fig. 2 inset).
Note that this splitting is small and can easily be hidden
in heavily ground powder samples. Further low-temperature
x-ray powder-diffraction studies in the range of 10–300 K did
not give evidence of a structural change. This led us to further
investigate NbNiTe2 at higher temperatures.

The structural transition temperature TS was determined
using specific-heat measurements performed on a single crys-
tal of NbNiTe2 (Fig. 3) where a small peak is observed
at 373 ± 3 K. Integration of the peak around TS gives an
enthalpy of �H = 27.4 ± 0.5 J/mol of latent heat at the

FIG. 1. The phonon spectra for NbNiTe2 in both the orthorhom-
bic Pnma (I) and the monoclinic P1121/a (II) structures are shown
above for comparison. (I) Calculated phonon dispersions of NbNiTe2

in the orthorhombic Pmna structure. Note the unstable mode at the �

and X points with imaginary frequencies shown below the horizontal
axis. (II) Calculated phonon dispersion of NbNiTe2 in the monoclinic
P1121/a structure. The unstable modes associated with the Pmna
symmetry have become dynamically stable.

phase transition. The small integrated entropy at the phase
transition of �S = 0.08 ± 0.01 J mol−1 K−1 indicates that
the structural phase transition does not substantially modify
the configuration space and may be considered as weakly
first order. By fitting the data using the Debye function (solid
line), we estimate a Debye temperature �D = 263 K, and the
low-temperature fit Cp

T = γ + T 2 gives an electronic coeffi-
cient of the heat-capacity γ = 0.0094 ± 0.0001 J mol−1 K−2

(see Supplemental Material Fig. S3 [9]). Differential scan-
ning calorimetry measurements between room temperature
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FIG. 2. Splitting of the orthorhombic (211) peak in the powder-
diffraction pattern of NbNiTe2 at ambient conditions indicates the
symmetry is monoclinic γ �= 90◦.

and 400 K confirm that the structural transition occurs at
a temperature TS 373 ± 3 K (Supplemental Material Fig. S6
[9]). Additionally, electrical resistivity measurements also
show signatures consistent with the phase transition in this
temperature range (see Supplemental Material Fig. S4 [9]).

A full structure determination above the phase-transition
temperature at 400 K unambiguously shows that the high-
temperature phase of NbNiTe2 is orthorhombic with Pmna
symmetry. Results from single-crystal XRD refinements and
DFT structural calculation are shown in Table I. Compared
with the lower-temperature phase, the changes in coordinates
for all atoms are less than 0.02 Å, indicating that the phase
transition does not substantially alter the structure. In the

FIG. 3. Single-crystal specific heat of NbNiTe2: TS = 373 ±
3 K, is shown above. The blue trace is the fitted Debye function.
Integration of the peak shown in the inset gives enthalpy of �H =
27.4 ± 0.5-J/mol latent heat about the transition.

TABLE I. Italicized lattice parameters were experimentally de-
termined and, subsequently, fixed for DFT calculations. The mono-
clinic symmetry P1121/a with a unique c axis is used to emphasize
the close relationships to the orthorhombic Pmna symmetry.

high-temperature Pmna structure, the Nb atom is coordinated
by four tellurium atoms at short distances, two at 2.789 Å
and two at 2.830 Å, plus two tellurium atoms further away
at 3.250 Å. Upon the distortion, the long Nb-Te distances
are affected most, giving two uneven distances of 3.107 and
3.398 Å (where the mean is 3.253 Å compared to 3.250 Å in
the undistorted structure). For the four close Ni-Te distances,
the two equal distances in the high-temperature structure at
2.548 Å split into two uneven distances of 2.535 and 2.553 Å
(Figs. 4 and 5 ).

The subtle differences in symmetry may be understood
using group-subgroup relations. The low-temperature phase
P11 21

a loses the (b-c)-mirror plane present in P 2
m

2
n

21
a This loss

of a mirror symmetry element and retention of inversion are
shown in Fig. 4. The low-temperature phase, up to 373 K is,
therefore, a centrosymmetric monoclinic phase with space-
group symmetry P1121/a, a subgroup of Pmna.

It may be noted that the related systems NbCoTe2 and
TaCoTe2 share a similar monoclinic distortion and were
also previously classified as orthorhombic. In NbCoTe2 and
TaCoTe2, microtwinning masked the small monoclinic distor-
tion, presenting an apparent orthorhombic structure; extensive
reinvestigation of these systems eventually led to the correct
monoclinic symmetry assignment [17]. We, therefore, believe
that similar microtwinning is responsible for the orthorhombic
classifications previously assigned to NbNiTe2 at room tem-
perature.

Electronic density functional calculations show that the
high-temperature Pmna phase is metallic as seen in the
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FIG. 4. NbNiTe2 and the associated Nb-Te coordination polyhe-
dra are shown in the high-temperature orthorhombic phase (top) and
low-temperature monoclinic phase (bottom).

electronic density of states (DOS) and projections (Fig. 6 and
Supplemental Material Fig. S7 [9]). We find little difference
between the electronic DOS of the Pmna and P1121/a struc-
tures, which is consistent with the observation of metallic be-
havior across the measured temperature range of 2–400 K (see
Supplemental Material Fig. S4 [9]). The structural transition,
therefore, does not substantially alter the states at the Fermi
level. Unexpectedly, there is even a small increase in the DOS
at the Fermi energy εF after the distortion. Importantly, the
Ni d shell is nearly full, resulting in a low DOS near εF

(see Supplemental Material Fig. S7 [9]). This is consistent
with the fact that NbNiTe2 is nonmagnetic (see Supplemental
Material Fig. S5 [9]) and further reduces the driving force for
other instabilities driven by the electrons at εF. We performed
additional phonon calculations, similar to those for the or-
thorhombic phase with the DFT relaxed monoclinic structure.
The phonon dispersions show no unstable modes, meaning
that this relaxed monoclinic structure is dynamically stable.
We also tested the result by performing calculations with the
local-density approximation (LDA). We find similar instabil-
ities of the orthorhombic structure with the LDA compared

FIG. 5. The primary displacements associated with the low-
temperature monoclinic distortion are highlighted. The stretched
bonds are indicated with directionally appropriate arrows.

FIG. 6. Total electronic density of states for Pmna and
P1121/a NbNiTe2.

to our main results with the Perdew-Burke-Ernzerhof gen-
eralized gradient approximation (PBE GGA) functional. The
calculated instability energy, including spin-orbit coupling, is
5 meV/f.u. with the PBE GGA functional and 6 meV/f.u.
with LDA, respectively.

IV. CONCLUSIONS

To summarize, we find a structure phase transition in
NbNiTe2 as confirmed by experimental specific-heat data.
The low-temperature structure is monoclinic as found by
refinement of x-ray-diffraction data. This structure is in good
accord with DFT results, which find an instability of the
high-temperature structure. These predict a structure close to
experiment for the ground state.

The extremely small changes in the electronic DOS be-
tween the two structures signifies that the structural distortion
is not a consequence of an electronic instability associated
with the band structure near εF. Rather, the accessible confor-
mations at low temperature are a consequence of the inter- and
intralayer nonbonding interactions affecting the phonon spec-
trum, i.e., sterics. The lowest-energy accessible conformation
is realized both computationally and experimentally in the
monoclinic P1121/a structure. The instability in the phonon
mode in the vicinity of � in the orthorhombic structure Pmna
is, therefore, the likely driver of the structural distortion with-
out strongly interacting with the electronic system. This struc-
tural transition may be classified as ferroic, having changed
the point group symmetry of the constituent atoms. However,
the ground-state structure of NbNiTe2 remains centrosymmet-
ric and does not host topological electronic states. The small
energy differences and atomic displacements between the
monoclinic and orthorhombic structures may allow dynamic
access to the higher-symmetry orthorhombic structures as, for
instance, in pump-probe experiments.
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