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ABSTRACT: Nickel titanium, also know as nitinol, is a prototypical shape
memory alloy, a property intimately linked to a phase transition in the
microstructure, which allows the meso/macroscopic sample shape to be
recovered after thermal cycling. Not much is known about the other alloys in
this binary system, which prompted our computational investigation of other
compositions. In this work, structures are found by probing the potential
energy surfaces of NiTi binary systems using a minima hopping method, in
combination with ab initio electronic structure calculations. We find stable
structures in 34 different stoichiometries and calculate derived physical
properties of the low energy phases. From the results of this analysis a new
convex hull is formed that is lower in energy than those in the Materials Project and Open Quantum Materials Databases. Two
previously unreported phases are discovered for the NiTi2 and Ni5Ti compositions, and two metastable states in NiTi and NiTi2
shows signs of negative linear compression and negative Poisson ratio, respectively.

■ INTRODUCTION

Nitinol is a nickel/titanium alloy in nearly equiatomic (50−51%
Ni) ratios, which is well-known to display both superelasticity
and shape memory.1−3 This material has many applications in
thermal actuators, which replace more traditional solenoids,
damping systems in structural engineering applications, such as
intelligently reinforced concrete for bridges and buildings, and a
wide variety of biomedical applications, thanks to its good
biocompatibility.4−8 Despite its wide use, NiTi still presents
some engineering challenges, such as dramatic fatigue failure
after just a few thermal cycles and a strong variability in the
measured transition temperatures. The strain-controlled per-
formance of NiTi is superior to many other metals, but in
structural engineering applications it is subject to massive strains
which induce fatigue failure. Very little is known outside of the
equiatomic composition: fully exploring the various stable and
metastable phases of NiTi will enable a better understanding of
its properties and inform attempts to further improve its
performance.

■ METHODS

Density Functional Theory. All relaxations, both ionic and
electric, were performed using density functional theory (DFT)
as implemented in the Vienna Ab-Initio Simulation Package
(VASP).9,10 The projector augmentation wave (PAW)11,12

method was used to describe the electrons of our systems. For
Ni, 16 valence electrons were used and for Ti 10. The
generalized gradient approximation (GGA) as parametrized by
Perdew, Burke, and Ernzerhof (PBE) was used for the exchange-

correlation functional.13 A Monkhorst−Pack k-mesh was used
to sample the Brillouin zone,14 with a density adapted to the unit
cell and dispersion. For hexagonal structures, a γ-centered mesh
was used to correctly capture symmetry. The k-mesh was
optimized to ensure total energy differences between consec-
utive mesh sizes to less than 10−6 eV, and all forces were
converged to better than 10−3 eV/Å. Electronic energies were
converged to within 10−5 eV in the self-consistent cycle, and
strain was converged to less than 10−3 kBar. All DFT calculations
were performed at zero pressure and temperature. In order to
determine if any phases were magnetic, spin-polarized
calculations were performed for structures within 50 meV of
the convex hull. The results revealed there were no magnetic
moments for any of the phases.
Thermal and mechanical stability and derived properties were

assessed by determining elastic constants through the use of
lattice distortions (six finite deformations for each lattice) to
derive the stress−strain relationship and construct the elastic
tensor, as implemented in the VASP code.15 The elastic
constants are converged to a tolerance of 1 kBar. Themechanical
stability was assessed through mechanical properties, such as the
Bulk, Young, and Shear moduli, as well as the Poisson ratio.
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Their angular dependence was determined using the ELATE
open-source software package.16 Band structure plotting and
Fermi surface analysis was performed using the PyProcar
software package.17 The frozen-phonon method, as imple-
mented in the PHONOPY package,18 was used to assess
dynamical stability. The forces were fitted from the interatomic
force constants generated by the finite differences method in
PHONOPY. Phonon calculations were performed by construct-
ing 2 × 2 × 2 supercells to generate phonon spectra.
Structural prediction uses a variety of methods to effectively

explore a material’s potential energy surface. The surface is a
multidimensional representation of all possible crystal phases of
a compound, given by the free energy of the different
configurations as a function of the crystal degrees of freedom.
In the case of crystal structure search, these are the ionic
coordinates and unit cell lattice vectors. This implies a potential
energy surface (PES) has dimensions of 3N + 6 for a systemwith
N atoms. Energetically stable configurations of ions will
correspond to minima on this surface, so the problem of
structural prediction is equivalent to locating the minima, both
local and global, of the PES. This is a formidable task in general,
and there are a number of different global search methods which
have been used for structural search. Some of the more popular
methods are genetic algorithms,19 meta-heuristic methods such
as the particle swarm,20 the firefly algorithm,21 simulated
annealing,22 and basin hopping.23

Minima Hopping Method. Here, we use the minima
hoppingmethod (MHM)24,25 to locate the low-energy phases of
binary NiTi. This methodology has been proven to be able to
describe the convex hull of many different materials.26,27 We use
short density functional theory basedmolecular dynamics (MD)
simulations to effectively hop between basins on the PES. The
searcher begins with a single point on the PES, which
corresponds to some configuration of atoms in a box. This
point will reside within the basin of attraction of a local
minimum of the PES, and geometric relaxation is performed
with DFT to reach this local minimum. To escape the minimum,
the initial velocities of the next MD simulation are aligned along
the softest-mode direction found from the local environment.
Following the Bell−Evans−Polanyi principle,28 this forces the
searcher into a new basin of attraction, where the process then
repeats. In addition, a feedback mechanism is implemented to
avoid revisiting previously located minima.
In this work, theMHM is used tomap out the PES of NixTi1−x

(0 < x < 1) with up to 10 atoms per cell. Within this constraint,
34 different stoichiometries were explored and their local
minima found. The stoichiometries were chosen by taking all
combinations up to 10 atoms per unit cell, the chosen
stoichiometries can be seen in the convex hull Figure 1. The
50 lowest energy minima from each stoichiometry are chosen to
generate the convex hull. Since MHM uses coarse convergence
criteria for geometric relaxation, these structures are reoptimized

Figure 1.Convex hull for NiTi. Since cubic structures are necessary for the shape-memory effect, the convex hull points are decorated to determine if a
relationship exists between cubic phases and composition. Low energy structures obtained from OQMD and MP databases are reoptimized with the
same numerical tolerances as our results.
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with more stringent convergence criteria of 10−6 eV for total
energies and 10−4 eV/Å for forces on atoms.
Phonopy. Phonopy18 is an open source package for phonon

calculations at the harmonic and quasi-harmonic level. The
outputs of a VASP calculations are used to produce force
constants based on the finite displacement method. From the
force constants, thermal properties such as the free energy,
entropy, and specific heat are calculated. TheDebye frequency is
calculated by fitting the lower frequency modes in the density of
states with a quadratic fit. The coefficient is then used to

calculate the frequency as ( )N
a
9 1/3

.

Pyprocar. PyProcar17 is a robust, open-source Python library
used for pre- and postprocessing of the electronic structure data
coming from DFT calculations. We use it to analyze data and
plot electronic and other properties.
MechElastic.MechElastic is a python script used to calculate

elastic properties and performmechanical stability tests from the
elastic constants. It was developed by Singh and Romero.29 It
uses the Voigt−Hill method in the calculation of the elastic
properties, which is a form of spatial average. In this work, it is
used to determine the values found in the elastic property table.
Lobster. The LOBSTER code,30−33 by the Dronskowski

group at RWTH Aachen University, Germany, was used to
generate the Crystal Orbital Hamiltonian Population plot
(pCOHP). The pCOHP is a method used to partition the
band-structure energy as a sum of orbital pair contributions.
This allows the generation of a pCOHP diagramwhich indicates
bonding (positive), antibonding (negative), and nonbonding
(zero) energy regions in the density of electronic states.
ELATE. ELATE is tensor analysis open source code

developed by Gaillac and Coudert at CNRS/Chimie Paris
Tec.16 In this work, ELATE is used to determine the directional
dependence of the Poisson ratio and the Negative Linear
Compression.

■ RESULTS AND DISCUSSION

The following sections detail and summarize the calculations
performed on the nickel−titanium binary system. In this work,
the MHM24,25 is used to generate stable crystalline structures
comprised of differing stoichiometric ratios of nickel and
titanium by sampling points on the potential energy surface. For

this search, 34 different stoichiometries with up to 10 atoms per
unit cell were considered. A key difference with other studies is
that assumptions about expected crystalline structures are not
made, as in the case of crystal combinatorics, nor is the search
based on expected bonding types. This is to say, the search is not
biased toward previous experimental and theoretical results.
Therefore, this method is an efficient representation of the
potential energy surface.
Among these structures, the convex hull is determined and

two new unreported stable structures are found: an
orthorhombic phase with the composition Ni5Ti and a
tetragonal phase for the composition NiTi2. These phases
open the road to novel stoichiometries in this important
materials family. Four tetragonal NiTi2 electronic calculations
were performed to compare with the known cubic form. As for
the Ni5Ti structure, bonding and electronic calculations were
done to see why there is an increase in strength to the elastic
properties. The convex hull is then used to filter structures for
further characterization, as only structures on or near the convex
hull are usually synthesizable and of interest from an
experimental perspective. Within the selected pool of structures,
we focus on those with unusual elastic response. Electronic,
elastic, bonding, and thermodynamic properties were calculated
to provide a complete picture of the mechanical properties over
the full phase space. Trends as a function of composition show
the 50/50 ratio is maximally anisotropic and weaker, a possible
explanation for the observed fatigue failure. The two previously
unreported metastable structures with uncommon mechanical
properties are revealed by this analysis: The first is a monoclinc
NiTi phase which has negative linear compressibility, and the
second is a monoclinic phase for NiTi2 which has negative
Poisson ratio.

Convex Hull. The low energy structures obtained from the
MHM were reoptimized and used to generate the convex hull:
the structures are sorted energetically and their formation
energies are obtained with respect to pristine bulk nickel and
titanium, to determine chemical stability. This is done by
calculating the energy difference per atom with respect to the
pure crystal phases. The low-energy structures on the convex
hull are kept, which can be seen in the convex hull Figure 1 as the
dark blue line connecting the structures. The figure also contains
the convex hulls reported in two popular databases, OQMD and
the Materials Project (MP),34−36 highlighted with dashed green
and blue lines, respectively. The database convex hulls are quite
close to ours for the known phases, an important benchmark for
our calculations, as we use the same software and similar
conditions.
The shape memory effect is linked to a martensitic

transformation, from a higher energy cubic phase to a low
energy monoclinic phase. Among the structures on the convex
hull, most compositions support a metastable monoclinic phase;
however, only two stoichiometries outside of 50/50 support
cubic phases: Ni2Ti and Ni5Ti. The Ni2Ti cubic phase is on the
convex hull, so it is unlikely that NiTi2 supports the shape
memory effect. On the other hand, Ni5Ti has a cubic phase
which is metastable and higher in energy than a monoclinic
phase, making it a promising candidate for the shape memory
effect.
A statistical analysis of the phases was also performed to find

general trends. Figure 2 displays the frequency of the crystal
structure types found within a 150 meV

atom
cutoff. The majority of

structures found are monoclinic and triclinic, but the fraction
Figure 2. Frequency of each space group obtained in the NixTi1−x
structural search for all considered stoichiometries.
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depends on the Ni/Ti ratio. The only cubic structures found,
other than the equiatomic case, are in the Ni-heavy region (pure
Ni is FCC). Tetragonal and hexagonal structures are also
primarily found in the Ni-rich region, with the exception of some
tetragonal phases for NiTi3. Overall, there is a large diversity of
crystal families in the nickel region, while in the titanium region,
the majority of the structures have very low symmetry.
Only structures within 50 meV/atom of the convex hull are

selected for further characterization to ensure they have a chance
of being synthesized experimentally. In order to ensure accurate
values for physical properties, further geometric relaxation is
performed on these structures, as discussed in the computational
details section. The process of finding structures of interest can
be thought of as a series of filters, in which a smaller number of
structures are chosen at each step of the process, to be converged
with finer tolerances andmore advanced properties. This is done
for the sake of computational efficiency.
Of the filtered results, four compositions are found with

structures on the convex hull: NiTi2, NiTi, Ni3Ti, and Ni5Ti.
The SI contains the crystallographic information for the

structures on the convex hull, and also includes the low energy
structures for these compositions found in OQMD, MP, and
experimental studies. For NiTi and Ni3Ti compositions, the
structures found using MHM are in agreement with previous
results. For Ni2Ti, a tetragonal structure with space group I4/
mmm was found, which is lower in energy than the previously
reported Fd3̅m structure. Finally, a structure is found on the
convex hull for a previously unreported composition, Ni5Ti with
space group Cmmm. For each structure on the convex hull, the
phonon dispersion curves are positive, indicating dynamical
stability (see the SI). Additionally, with the help of the
MechElastic code,29,37 we verify that the elastic constants of
each convex hull structure satisfy the Born criteria, which
indicates mechanical stability

Elastic Properties. The elastic properties of all structures
found on the convex hull are displayed in a table in the SI and
were determined through the open-source MechElastic python
script.29,37 Some general trends can be extracted from the table
based on composition. The most striking feature is the decrease
of the moduli near the equiatomic ratio. This relation indicates

Figure 3. Composition dependence of the elastic properties, for structures near the convex hull. For each composition the properties of the lowest
energy phase were used. (a) Enhancement to the P-wave, Shear, and Young moduli from the equi-atomic composition. For nickel-rich composition
this enhancement is greater than the nickel pristine case. The trend in the P-wave, Shear, and Young’s moduli corresponds to the anisotropy (c) and the
sound velocity (d) ratios. Higher anisotropy and velocity ratios indicate lower values in these moduli. (b) All structures are considered ductile since
they lie above the value of 1.75 as mention by Pugh.38
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the weakness of the 50/50 alloy and explains the previously
reported sensitivity to massive strains. Segregation of either
titanium or nickel enhances the moduli, and nickel enrichment

even enhances the moduli beyond pristine Ni, which can be seen
in Figure 3a).
Two measures of anisotropy are also displayed in the elastic

properties tables in the SI, the universal anisotropy,39 and the
log-Euclidan anisotropy.40 The anisotropy formulas are in eqs 1
and 2, respectively. Here, G and K are the shear and bulk
modulus, and the V and R superscripts are the Voigt and Reuss
estimations, respectively. For universal anisotropy, the larger the
deviation from zero, the more anisotropic a material is. This
scale is relative to a limiting value for a single crystal and thus
cannot be compared as simply between materials. The Log-
Euclidan anisotropy is designed to do just this. For structures on
the convex hull, both measures of anisotropy yield the same
ordering of structures, from least to most anisotropic: hexagonal
Ni3Ti, tetragonal Ni2Ti, orthorhombic Ni5Ti, and finally
orthorhombic NiTi. This ordering is not surprising, as the
least anisotropic materials have higher symmetry. Figure 3d is
the anisotropy composition dependence. Comparing with the
other plots in the figure, the same trend occurs in the sound
velocity and bulk/shear ratios. Interestingly enough, there is a
correspondence between higher anisotropy and the weakening
of the Young, shear, and P-wave moduli at equi-composition.
This indicates that the behavior predicted from the elastic

Figure 4. Cv/T
3 for structures on the convex hull. The temperature

starts at 20 K and all curves go to a constant at 0 K as expected from
theory. These curves show the thermal activation of optical and acoustic
phonon modes for the different structures. The peak is caused by the
combination of the acoustic and optical phonon modes.

Figure 5. Phonon density of states (in units of (states/Å3 THz)) for convex hull structures. In all panels, Ni modes dominate the lower frequency
modes; therefore, low-temperature responses are primarily from the Ni−Ni bonds. As the Ni fraction increases, Ni modes begin to dominate over a
wider frequency range.
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constants is also supported by the vibrations, as we should
expect.
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Other than the monoclinic NiTi structure, the spatially
averaged Poisson ratio is roughly the same for every structure.
This means that the perpendicular elastic response of the crystal
with respect to a uniaxial strain is almost independent of the
stoichiometry for the convex hull structures.
The B/S ratio is an indicator of the brittleness/ductile

behavior of a material as proposed by Pugh,38 where a high ratio

indicates ductility and a low ratio indicates brittleness. The
critical value separating whether a material is brittle or ductile is
1.75. Observing the plot in Figure 3b, all convex hull structures
are above the critical ductile line, making themmore ductile than
brittle. Tungsten, which has the highest tensile strength of any
natural material, has significantly larger values for its elastic
properties than any of the convex hull structures but is less
ductile. It is also interesting to compare the properties of the Ni-
rich region to stainless steel. Both Ni3Ti and Ni5Ti have
enhanced elastic properties relative to stainless steel, with
comparable ductility.
The most interesting trend that can be drawn from elastic

properties is the increase of the moduli for high nickel
concentration, which is promising for strengthening materials
in structural engineering applications. As previously mentioned,
the Young, shear, and P-wave moduli values are even higher than

Figure 6. NiTi2 comparison of electronic properties. The first column shows the predicted tetragonal structure and the second column shows the
previously reported cubic structure. The differences between the two structures can be seen in each row. One noticeable difference is the shifting of the
titanium DOS peak just below the Fermi level in (c) up to that of the cubic case. (e, f) Fermi surfaces of the two structures. The color scale stands for
different bands that compose the surface. The surfaces suggest vastly different electron transport. The tubular nature of (e) shows 2D in-plane
transport, whereas the cubic case shows a highly connected roughly spherical surface which is typical of transition metals.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c10453
J. Phys. Chem. C XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10453?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10453?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10453?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10453?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10453?ref=pdf


pristine nickel. This is examined below in the Ni5Ti section,
where the bonding nature is studied in detail to gain a better
understanding of the enhancement.
Thermodynamic Properties. Thermodynamic properties

have been calculated for all of the structures on the convex hull,
through the phonon dispersion relations and the density of
states, using PHONOPY.18 It should be noted this harmonic
analysis neglects the contribution from the conduction electrons
and phonon anharmonicity. The temperature dependence of the
heat capacity was calculated and the results are captured in
Figure 4, where the Cv/T

3 curves are shown for the hull phases:
hexagonal Ni3Ti, tetragonal Ni2Ti, orthorhombic Ni5Ti, and
orthorhombic NiTi.
The low temperature regime corresponds to acoustic mode

contributions which leads to a T3 behavior of Cv. In a second
regime (20−60 K roughly), the higher lying optical modes
create the observed broad peaks. The peak position is a
consequence of the particular optical mode frequencies, when
they begin to dominate Cv, and when the full manifold of
phonons is saturated as kBT > ωmax. For NiTi2, NiTi, Ni3Ti, and
Ni5Ti, the peaks occur at 35, 30, 50, and 35 K, respectively.
This maximum can be tuned by changing the isotopic

concentration, as it has been experimentally demonstrated in
ZnO41 and Boron.42 For example nickel can have stable isotopes
of 58Ni, 60Ni, 61Ni, 62Ni, and 64Ni43 and titanium has 44Ti, 46Ti,

47Ti, 48Ti, 49Ti, and 50Ti44 (experimentally it is even possible to
go up to 80Ni and 63Ti). The peak position andmagnitude can be
related through a simple relation in the harmonic approximation
as discussed in ref.45 Isotopic manipulation is very expensive and
is not industrially feasible, but it is an interesting route to check
different processes and dispersions we derive here.
In the high temperature regime all modes contribute to Cv,

and the heat capacity tends to the Dulong and Petit constant
value (universal in the harmonic approximation). In this regime,
Cv/T

3 will decay with a T−3 power law.
Figure 4 indicates that the phonon density of states deviates

quickly from the ideal Debye model, where the phonon density
of states follows D(ω) = Aω2 and Cv/T

3 would be constant at
low T. The change in contributions to the thermal response as a
function of composition can be seen in the phonon density of
states as in Figure 5. For all four structures, Ni contributes more
to the low-frequencymodes. This means the thermal response of
these systems is primarily influenced by contributions from the
heavier Ni atoms. In the I4/mmm (Figure 5a), all of the Ni
modes are restricted to the lower frequencies; the vast difference
in phonon distribution is an indicator of a different kind of
bonding mechanism. As the Ni fraction increases (i.e., number
of Ni−Ni bonds grows); in turn, the Ni modes dominate over
wider frequency range.

Ground-State NiTi2 I4/mmm. From both databases
OQMD and MP34−36 and experiment,46 the known phase for
NiTi2 is a structure with space group symmetry Fd3̅m. Here,
another structure is found on the convex hull with space group
I4/mmm. It has a formation energy per atom of−7.49 eV/atom,
which is lower than the known FCC phase, whether using PBE
or LDA functionals. In both OQMD and MP databases, there
are 24 atoms in the primitive cells for Fd3̅m, which puts the
structure outside the search space of our MHM, as only cells of
up to ten atoms were considered. Standalone calculations were
performed for the 24 atom Fd3̅m structure, with initial structural
information from the Materials Project. The new I4/mmm
structure on our convex hull is still 22.8 meV/atom lower in
energy than the cubic phase. To differentiate between the cubic
Fd3̅m and tetragonal I4/mmm phases, the mechanical and
thermal properties of both structures are determined and
compared. For the Fd3̅m phase, the results are in agreement with
the literature and previous works.47 There is a difference in the
Young and shear moduli, where the new I4/mmm phase is
significantly larger in comparison to the Fd3̅m phase. The cubic
phase has been reported experimentally;34−36,46 however, the
tetragonal phase has not even though it has lower total energy.
The heat capacities near room temperature are nearly identical
for both the I4/mmm and Fd3̅m; this complicates the
identification of the unique NiTi2 phase, so other methods are
necessary for characterization. X-ray diffraction would be a
natural characterization scheme, and we provide the XRD data
for both structures in the SI. As for the synthesis process, there is
a thermodynamic competition between the cubic and tetragonal
phases at high temperature, which is shown in the free energy-
temperature dependence in Figure 7b. The cubic phase is lower
in free energy than the tetragonal phase at high T, which is
probably why the tetragonal phase has not been previously
synthesized in experiments.
Figure 7a depicts the difference in Cv/T

3 for crystal phases.
First, the Einstein peak intensity is much larger in the Fd3̅m
phase and it is located at a lower temperature: 25 K in the cubic
structure and 35 K for tetragonal. Additionally, the Cv/T

3 decay
from that peak (constant Cv at higher temperatures) is slower in

Figure 7. Thermodynamics of NiTi2 phases. (a) Differences between
the heat capacity at low temperature, which gives an an indication of the
relevant roles of acoustic and optical phonons in each structure. (b)
Differences in free energy near room temperature. The cubic phase has
a significantly lower free energy, leading it to be more thermodynami-
cally favorable than the tetragonal phase.
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the I4/mmm phase. This indicates that thermal excitations of
higher frequency optical phonons require larger temperatures to
equilibrate.
The band structures and density of states plots of each phase

are generated using Pyprocar17 and displayed in Figure 6a,b,c,d,
respectively. One can immediately notice the large differences
between the two band structures. The number of bands are
related to the number of ions in the unit cell. The cubic phase
was calculated with 24 ions and the tetragonal phase was
calculated with six ions.
In both cases, the density of states is spin degenerate, and the

sum of both spin channels is displayed in this figure. The new I4/
mmm phase shows a large jump in the occupied Ti d-states just
above the Fermi level. The main contribution to the DOS both
below and above the Fermi level comes from Ti d electrons. At
the Fermi level, it can be seen that the Ni and Ti d states
hybridize and have comparable DOS, with the first Ti peak just
below/above EF in the tetragonal/cubic cases. To help
illuminate where the differences are coming from, the local
atomic-structures of both phases are examined in a supercell
using the VESTA software.48 The cubic phase is formed by small
clusters of Nickel atoms embedded in Titanium, where as the

tetragonal phase forms 2D layers of Nickel and Titanium atoms.
The formation of these microstructures is linked to bonding
geometry and type, and causes the stark differences seen in the
XRD, band structures, and the density of states.
The Fermi surfaces of both phases are displayed in Figure 6e,f

and are in agreement with the properties of the local structural
topology discussed before. The layered nature of the tetragonal
phase yields a tubular FS indicating predominantly 2D or
layered in-plane transport. The cubic phase, however, is more
clustered with no layering. The Fermi surface is highly
connected and roughly spherical with some lobes, which is
typical of transition metals. The transport properties of the two
phases should be very different and easy to distinguish
experimentally in single crystals.

Ground-State Ni5Ti Cmmm.A new structure on the convex
hull was found using MHM with a total energy of −6.433 eV/
atom, with the composition Ni5Ti and space group Cmmm. This
structure was previously unreported in the literature, even
though it is both dynamically and mechanically stable. As
discussed above, its elastic properties are enhanced beyond
those of pristine Ni and Ti.

Figure 8. Analysis for the enhanced elastic properties for Ni5Ti. The enhanced elastic properties can be attributed to the increase amount of Ni−Ni
bonds in the structure. From subFigure 8b shows the Ni−Ni bonds are stronger then the Ni−Ti bonds at the Fermi energy. The contribution of nickel
to the bonding further evidenced by nickel atoms dominating around the Fermi energy in the density of states and the increased electron localization in
between the nickel atoms from (c) and (d), respectively.
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This enhancement primarily stems from Ni−Ni bonds in the
[001] plane. This can be seen from the pCOHP displayed in
Figure 8b. In this plot, the bond contributions between pairs of
Ni and/or Ti atoms are displayed. At the Fermi energy,
contributions from pairs of Ni atoms in the [001] plane
dominate, which may be more easily seen in the inset plot. The
Ni−Ni bonds contribute more to the COHP than the Ni−Ti
bonds at the Fermi level.
This can further be seen in the Electron Localization Function

(ELF) plot in Figure 8d, as there is strong electron localization
between pairs of Ni atoms. The density of states plot in Figure 8c
shows the enhancement comes from the Ni−Ni bonds. The
primary contribution to the total DOS at the Fermi level is from
Ni d-states.
To finish our discussion about the two new low energy stable

phases we have calculated the anharmonic effects into the
phonon spectra (the spectral phonon dispersion A(Q, E)) for
both Ni5Ti and NiTi2; thus, obtaining the renormalized phonon
dispersion at 600 K, the phonon−phonon line width, and
temperature-dependent thermal conductivity. These results are
important to gauge how well the temperature-dependent
effective potential TDEP models these structures when
comparing to inelastic neutron-scattering experiments. For
Ni5Ti phonon spectrum shows no phonon softening with T. The
optical phonon line widths are broader than for acoustic modes
as seen in Figure 9a, which is expected as the former have more
decay channels. As for the NiTi2 phonon spectrum in 9b, we

observe strong diffusion of some of the lines in the spectra,
especially to the low energy optical modes at the γ point. This
tells us anharmonicity plays an important role in the
determination of temperature dependent quantities in this
structure. The temperature-dependent thermal conductivities
are shown in Figure 9c,d. Ni5Ti has a larger conductivity than
NiTi2, which can be correlated to the increase in the number of
nickel−nickel bonds in a material. At 300 K, the conductivities
for Ni5Ti and NiTi2 are around 20 and 10 W/mK, respectively.
These are moderate conductivity values: extreme values are
found in materials such as glass (0.1 W/mK), iron (80 W/mK),
or silicon (130 W/mK).

Metastable Structures with NLC and NPR. In addition to
the new convex hull structures found, there are two metastable
cases which have exotic elastic properties. For the composition
NiTi, a monoclinic structure with space group P2/m was found
to possess negative linear compressibility. Additionally, a
monoclinic phase was found for NiTi2 in space group C2/m,
with a negative Poisson ratio. Both properties are of interest for
technological applications, and are quite rare in nature: In the
work by Dagdelen et al.,49 over 67000 structures from the
Materials Project were screened to determine which were
auxetic candidates. Only 38 structures were found from this
screening, and when the elastic constants were calculated
explicitly only eight were truly auxetic. It must be noted,
however, that in the initial screening done by Dagdelen the
elastic constants were calculated through the Voigt and Hill

Figure 9. Effect of anharmonicity for Ni5Ti and NiTi2 within the TDEP method. (a, b) Spectral phonon dispersion plot. (c, d) Temperature
dependence of the thermal conductivity at 600 K.
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method. This method is a form of a spatial average, and the
resulting elastic properties do not give any indication whether
they are anisotropic or not. Any system with highly anisotropic
behavior would not be flagged, which offers some hope that
many more auxetics and NLC may exist. The two new phases
found in this work are now examined in more detail.
NiTi P21/m with NLC. The MHM study identified the

metastable phase NiTi with space group P21/m presenting
negative linear compressibility (NLC). It has a total energy of
−7.08 eV/atom, 161 meV/atom above the ground state. The
elastic properties of this phase are listed in the elastic table in the
SI. The Bulk, shear, and Young moduli are comparable to those
of the B19’ phase (P21/m), which has been identified as the

stable phase of NiTi at room temperature. Because of this, the B/
S ratio is nearly identical as well, and thus, the phase is ductile.
The elastic moduli and their directional dependence were
determined with the ELATE software package:50 while their
average values are positive, they are quite anisotropic. The
directional dependence of the linear compressibility is displayed
in Figure 10c. From this analysis, the NLC has a maximal
negative value in the a−c plane of−4.1732TPa−1, directed along
the unit vector (−0.89, 0.00, −0.46). For comparison, in the
rutile structure class, TeO2 displays the maximal NLC value of
−5.1 TPa−1. BiB3O6, which displays NLC due to a tilted network
mechanism, has been shown experimentally to reach −12.5

Figure 10.Negative linear compression. (a) Mechanism for NLC in NiTi with space group P2/m. Ti atoms are blue and Ni atoms are orange. (1) The
red arrows here represent Forces. (2) The arrows here represent directions of length change, where the red and blue represent a decrease and an
increase, respectively. Only the [101] plane is shown, as the cell decreases in length, normally along the [010] direction increases. (b) Electron
localization function. (c) Directional dependence of the NLC. Green curves display positive linear compressibility, and red curves display negative
linear compressibility. The maximal negative value occurs in the XZ plane. (d) Relative change in the lattice parameters under hydrostatic pressures of
2, 4, 6, 8, and 10 GPa. (e) Density of states of NiTi.
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TPa−1. An even larger value of −42 TPa−1 was found in zinc
dicyanoaurate Zn[Au(CN)2]2.

51

To show the mechanism is not unique to the particular choice
of Ni and Ti, additional calculations are performed with other
common intermetallic elements. The elements chosen were Ag,
Cd, Cu, Zn, Mn, and Nb. Out of all substitutions performed,
only NiMn yielded a stable structure with the same crystalline
lattice. NiMn also displays NLC, which is similar in character to
NiTi.
Constrained relaxation of the crystal structures within DFT

allow for the determination of changes in interatomic distances
and cell parameters under applied hydrostatic pressure. Under
positive pressure, the unit cell increases in length in the a and c
directions, whereas it decreases in the b direction. This behavior
is better visualized in Figure 10d. An increase in the a and c cell
parameters would indicate an increase in area; however, as stress
is applied, the angle between a and c decreases sufficiently to
yield an overall shrink in the area of the a−c plane. This implies
that the NLC is not along the crystalline axes (in agreement with
the direction of maximal NLC found with ELATE). This is
expected, as the structure has monoclinic symmetry.52

The mechanism for NLC is displayed in Figure 10a. Under
hydrostatic strain, Ni atoms in the [101] plane are forced closer
together; in turn, this pulls the Ti atoms in this plane further
apart, which is similar to the well-known wine-rack model. The
ELF plot in Figure 10b shows this behavior occurring. A strong
electron localization is observed between pairs of Ti atoms in the

[101] direction, with no localization between pairs of Ni atoms.
Due to the strong bonding between Ti atoms along [101], the
distance between them remains fixed. The contraction of Ni−Ni
bonds forces Ti atoms further apart along the [−102] direction.
More evidence for the effect is found in the density of states
(Figure 10e), as the Ti d-states are more highly occupied at the
Fermi level, coherent with the ELF.

NiTi2 C2/m with NPR. An auxetic structure was found for
the NiTi2 composition with space group C2/m and total energy
−7.43 eV/atom, which is 60 meV/atom above the ground state.
It must be stressed this auxetic response is directional
dependent; the value that appears in the elastic properties
table in the SI is the spatial average, which ignores directionality.
The ELATE software package50 was used to determine the
angular dependence of elastic properties, displayed in Figure
11a. The maximal negative Poisson ratio is calculated to be
−0.31 directed along the unit vector (0.75, 0.45, −0.49). For
comparison, a NPR of around −0.03 has been reported in
carbon nitride.53 In α-SiO2, the maximum known NPR value is
−0.59.54
A constrained relaxation was performed under both tensile

and compressive strain to determine the lattice constants and
interatomic distances. Both types of strain were applied along
the unit-vector where the Poisson ratio attains its maximum
value. Figure 11b displays the relative change in the lattice
parameters under applied strain. Both the a-axis and c-axis
decrease when compressive strain is applied, and vice versa for

Figure 11.Negative Poisson ratio. (a) Spatial dependence of Poisson’s ratio for NiTi2 with space group C2/m. (c) The red curve is the minimal NPR,
green is the positive Poisson ratio. (b) Relative change in the lattice parameters under strain applied along the (0.75, 0.45,−0.49) direction. Both the a-
axis and c-axis have an auxetic response to the applied strain. (c) Density of states for NiTi2 with space group C2/m.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c10453
J. Phys. Chem. C XXXX, XXX, XXX−XXX

K

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c10453/suppl_file/jp0c10453_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10453?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10453?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10453?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c10453?fig=fig11&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c10453?ref=pdf


tensile strain. This is precisely the response expected from an
auxetic material.
The electronic density of states for this phase is displayed in

Figure 11c. The Ti d electrons are the primary contribution to
the density of states at the Fermi level. In addition, they are the
primary contribution just below the Fermi level (>-2 eV) and
above the Fermi level. At lower energies, the Ni d electrons
dominate.

■ CONCLUSIONS
To conclude, minima on the potential energy surface of various
compositions of the binary system NiTi were located through
the use of the minima hopping method, searching for other
stoichiometries with novel stable phases, exotic elastic proper-
ties, and other conditions presenting the shape memory effect.
These minima, combined with the pristine structures for both
elements, were used to construct a more complete convex hull. It
was identified that Ni5Ti and NiTi are the only compositions
that have the necessary high energy cubic phase and lower
energy monoclinic phase. Both stable and metastable structures
within 50 meV of the convex hull were identified, and derived
physical properties were calculated. For the structures found on
the convex hull, those with the composition NiTi and Ni3Ti are
in agreement with previous experimental the theoretical results.
For the compositionNiTi2, a new structure with space group I4/
mmm is found, which is lower in energy than the previously
reported Fd3̅m structure (by 22.8 meV/atom). From the new
ground state to the predicted one, different behaviors in the heat
capacity and Fermi surface were found, which can be used to
discriminate the existence of this phase. A new structure is found
on the convex hull with the composition Ni5Ti, in space group
Cmmm, that has elastic properties enhanced beyond the pristine
cases. Twomonoclinic metastable structures were also identified
with interesting mechanical properties: a structure with
composition NiTi which displays negative linear compressi-
bility, and another with composition NiTi2, which displays a
negative Poisson ratio. The NLC in the NiTi structure has a
similar mechanism to that described for cubic metals by
Baughman et al.55 The anisotropy of these exotic elastic
properties gives hope that many more auxetic materials can be
found, beyond those identified in the study by Dagdelen et al.49
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