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Nitinol (NiTi) is the most commonly used and most extensively studied shape memory alloy (SMA). However,
it remains a mystery that a small increase of Ni concentration (xNi) from 50% to 51% in NiTi results in a dramatic
drop of about 110 K in the martensitic transition temperature (MTT), while a similar increase of Ti barely
changes MTT. This weird behavior drastically affects both the manufacturing and applications of the NiTi-based
SMAs, which represent the majority of ongoing scientific research efforts in this field. Using the most accurate
first-principles methods, we find that this trend in MTT can be well reproduced theoretically. Furthermore, the
physical origin of this striking asymmetry in MTT is revealed to be the fact that the atomic size of Ni is much
larger than that of Ti in NiTi; though for free atoms, Ti is larger than Ni. Replacing smaller Ti atoms with bigger
Ni atoms in NiTi leads to a much larger deviation from the ideal cubic B2 structure in the austenite phase than
does the other way around.

DOI: 10.1103/PhysRevB.108.L140103

Introduction. Shape memory alloys (SMAs) can recover
their original shapes upon heating [1–3] due to the ex-
istence of a reversible martensitic transition between the
high-temperature austenite and low-temperature martensite
phases. SMAs have a wide range of potential applications
in aerospace, civil engineering, bioengineering, etc. [1–7].
In order to create new SMAs that are operable at a target
temperature range, the most common approach is alloying
a binary with other metals to form ternaries, quaternaries,
pentanaries, etc.; among them, the NiTi-based multicompo-
nent SMAs have attracted tremendous research efforts lately
[7–15].

However, the concentration of Ni (xNi) in these multicom-
ponent SMAs could drastically affect their thermodynamics
and properties [7–15]. This stems from a well-known, but
poorly understood fact that slightly increasing xNi (e.g., from
50% to 51%) in NiTi will dramatically decrease its martensitic
transition temperature (MTT) (by ∼110 K), while increas-
ing the Ti concentration (xTi) by the same amount barely
changes the MTT [16–19]. Even though NiTi is arguably the
most important, most studied, and most commonly used SMA
[20–32], this unusual behavior has hardly been investigated
theoretically, especially from first principles, after it was dis-
covered over 60 years ago.

The dependence of the thermodynamics of NiTi on Ni
concentration is not only of substantial scientific interest,
but also of paramount technological consequence. For ex-
ample, the equiatomic NiTi is used in thermal and electric
actuators such as fluidic thermal valves, pneumatic valves,
and optical image stabilizer in mobile phones. On the other
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hand, the Ni-rich NiTi is used in biomedical applications,
including medical stents, due to precipitation strengthening.
As mentioned above, the properties and applications of the
NiTi-based multicomponent SMAs also sensitively depend on
the Ni concentration.

In this Letter, we study this dependence using highly ac-
curate ab initio molecular dynamics (AIMD) simulations and
thermodynamic integration to evaluate the Gibbs free energy
(G) for the austenite and the martensite phases as functions of
temperature (T ) vs xNi. Not only do our results reproduce the
trend of MTT in off-stoichiometric NiTi, but our theoretical
analyses also elucidate the origin of this striking asymmetry
in MTT vs Ni/Ti concentration, which is largely due to the
charge distribution in the NiTi crystal, causing Ni atoms to
have a much larger effective size than Ti atoms.

Methodologies. We follow the expression and procedure as
described in Ref. [32] to compute the Gibbs free energy,

G(T ) = Eref [V (T )] + F el(T ) + F ph
h (T ) + F ph

anh(T ). (1)

Here, Eref is the total electronic energy for the reference
structure, whose volume (V ) is optimized at T . F el(T ) is the
electronic free energy given by

F el(T ) = U el(T ) − T Sel(T ). (2)

We followed Ref. [33] to compute the electronic internal en-
ergy U el(T ) and the electronic configurational entropy Sel(T ),
using the self-consistent approach and 20 uncorrelated MD
snapshots at each considered temperature.

F ph
h (T ) is the harmonic part of the phonon free energy, and

the anharmonic part of the phonon free energy, F ph
anh(T ), is

obtained using thermodynamic integration,

F ph
anh(T ) =

∫ 1

0

〈
∂U (λ)

∂λ

〉
λ

dλ. (3)
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FIG. 1. The obtained reference structures of the austenite phase of (a) Ni71Ti73, (b) Ni73Ti71, (e) Ni70Ti74, and (f) Ni74Ti70. The Ni atoms
and Ti atoms are denoted by gray and sapphire balls, respectively. (c) The electronic density isosurface at 0.041 (electrons/Å3) for Ni71Ti73,
while the minimum and maximum values of electronic density are 0.0214 and 2.057, respectively. (d) The histograms of atomic displacements
(deviation) from the ideal B2 structure for Ni70Ti74, Ni71Ti73, Ni73Ti71, and Ni74Ti70.

Here, U (λ) is a mixing of the harmonic potential and the
density functional theory (DFT) potential with a mixing
parameter λ.

Total-energy calculations and AIMD simulations were car-
ried out using DFT implemented in the VASP package [34–37],
while the thermodynamic average 〈 ∂U

∂λ
〉 for a fixed λ is ob-

tained from the NVT AIMD simulations with the mixed
potential U (λ) for 10 to 20 ps, to ensure the error bar of
F ph

anh is less than 0.1 meV/atom. λ = 0.0, 0.25, 0.50, 0.75, 1.0
are used for integration in Eq. (3) to ensure convergence; the
time step is 2.0 fs and the friction factor for the Langevin
thermostat is 100 fs.

We employed the up-sampled thermodynamic integration
using Langevin dynamics (UP-TILD [38]) to evaluate F ph

anh.
Specifically, AIMD simulations were performed with an en-
ergy cutoff (Ecut) of 300 eV and ∼3500 k points per reciprocal
atom (KPPRA, i.e., the multiplication of the number of k
points used in reciprocal space and the number of atoms in a
unit cell in real space), while the up-sampling of �U DFT =
U DFT

high − U DFT
low was done with Ecut = 450 eV and ∼27 000

KPPRA, which were also used for total-energy and lattice
dynamics calculations to ensure convergence.

The PBE (parametrized by Perdew, Burke and Ernzerhof
[39]) density functional and the projector augmented wave
(PAW [40,41]) method were used in the DFT calculations. We
note that in order to compute the electronic energy and lattice
vibrations and to consistently carry out AIMD simulations,
i.e., using the same density functional, the best choice is PBE.
The valence of Ni and Ti atoms includes 3d94s1 and 3d24s2

electrons, respectively.
Austenite reference structures. The MTT of equiatomic

NiTi, corresponding to the transition between austenite B2
(cubic Pm3̄m) and martensite B19′ (monoclinic P21/m, with
a monoclinic angle γ ≈ 98◦ [42,43]), was calculated to be
422 K using 144-atom supercells [32], in comparison with

the averaged experimental data T0 of 345 K [44–46]. Here,
T0 = (Ms + Af )/2, with Ms and Af the martensite start and
austenite finish temperature, respectively. We note that the
predicted MTT is about 77 K higher than the measured T0,
which is largely due to the fact that both defects (such as anti-
sites) and residual strain are not included. Both are expected to
reduce the transition temperature because the resulting cubic
phase will deviate from the ideal B2 structure with the Pm3̄m
symmetry.

In contrast to the well-defined ideal B2 structure in
equiatomic NiTi, which can be used as the reference in
thermodynamic integration, the reference structure of the
austenite phase of the off-stoichiometric NiTi does not have
the Pm3̄m symmetry. We adopt the method described and
employed in Ref. [47], and the austenite reference struc-
ture of the off-stoichiometric NiTi is obtained by averaging
25 000 AIMD snapshots (50 ps) at 1000 K, as plotted in
Figs. 1(a), 1(b), 1(e), and 1(f) for Ni71Ti73, Ni73Ti71, Ni70Ti74,
and Ni74Ti70, respectively.

Here we note that each Ni (or Ti) atom in the B2 struc-
ture of equiatomic Ni72Ti72 is equivalent, so there is only
one inequivalent Ni71Ti73 (or Ni73Ti71) obtained by replac-
ing one Ni atom (or Ti atom) with one Ti atom (or Ni
atom). Then, Ni70Ti74 (or Ni74Ti70) is constructed by re-
placing one more Ni atom (or Ti atom) with one Ti atom
(or Ni atom), which has the largest distance from the pre-
viously replaced Ni atom (or Ti atom). The austenite phase
of off-stoichiometric NiTi is maintained as cubic, while its
martensite phase is monoclinic (γ = 98◦), whose lattice vec-
tors and internal coordinates are relaxed. To be consistent with
the notations used in experiment and for equiatomic NiTi, for
off-stoichiometric NiTi, we still denote the cubic austenite
phase as B2 and the monoclinic martensite phase as B19′,
though they do not possess the Pm3̄m and P21/m symmetries,
respectively.
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FIG. 2. The energy differences between four different cubic
structures and the monoclinic (B19′) structure vs Ni concentration.
Each unrelaxed structure is relaxed at 0 K and annealed from 1000 to
0 K (fully relaxed). The cubic lattice of each of these four structures
is also relaxed at 0 K.

Comparing the reference B2 structures of Ni71Ti73 and
Ni70Ti74 with those of Ni73Ti71 and Ni74Ti70, as plotted in
Fig. 1, one finds that the Ni-rich NiTi B2 structures deviate
from the ideal B2 (Pm3̄m) substantially more than the cor-
responding Ti-rich NiTi B2 structures, as illustrated by the
histograms in Fig. 1(d), where the deviation from the ideal B2
structure is defined as the distance between two corresponding
atoms, i.e., one in off-stoichiometric NiTi and the other one in
ideal B2 with the same lattice constant.

This is also demonstrated by the energy difference
(�Eun−MD) between the unrelaxed (green symbols, just re-
placing atoms in ideal B2) and the MD averaged (red symbols)
structures, as plotted in Fig. 2. For the Ti-rich Ni71Ti73

and Ni70Ti74, �Eun−MD = 1.0, 1.4 meV/atom, respectively,
compared with �Eun−MD = 8.2, 17.6 meV/atom for Ni-rich
Ni73Ti71 and Ni74Ti70, respectively. Figure 2 also plots the
energies of the relaxed (at 0 K without modifying the sym-
metry and resulting in a saddle point on the energy surface)
and annealed (fully relaxed, without maintaining the original
symmetry and resulting in a local minimum) cubic structures
for these compositions, setting the monoclinic B19′ as zero
energy. The same energetic trends are found for the relaxed
and fully relaxed structures, though the magnitudes of �E
between the unrelaxed and the fully relaxed ones become
quite similar for these four off-stoichiometric and equiatomic
NiTi.

In order to understand in the austenite phase why replacing
Ti by Ni leads to a much larger deviation from the ideal
B2 than replacing Ni by Ti, we plot the electronic density
isosurface of Ni71Ti73 at 0.041 (electrons/Å3) in Fig. 1(c). The
“effective” atomic radius (determined by isosurface) of Ni
(1.19 Å) is about 40% larger than that of Ti (0.83 Å) in NiTi,
while for free atoms, Ni has a smaller size than Ti, e.g., the
atomic, valence, and van der Waals radii of Ni are 1.24, 1.24,
and 1.63 Å, respectively, compared with the corresponding
values for Ti of 1.47, 1.60, and 2.15 Å. A larger atom (Ni)

0 0.2 0.4 0.6 0.8 1
PDOS [states/(THz atom)]

Ni
71

Ti
73

Ni
72

Ti
72

Ni
73

Ti
71

0 0.2 0.4 0.6 0.8 1
PDOS [states/(THz atom)]

-2

0

2

4

6

8

10

F
re

q
u
en

cy
 (

T
H

z)

Ni
71

Ti
73

Ni
72

Ti
72

Ni
73

Ti
71

TDEP0 K(a) (b)

FIG. 3. Phonon density of states (PDOS) for the reference struc-
tures of the austenite phase of Ni71Ti73, Ni72Ti72, and Ni73Ti71 at
(a) 0 K and (b) high temperature using TDEP. Here, TDEP PDOS
for Ni72Ti72 is obtained at 400 K, while for Ni71Ti73 and Ni73Ti71, it
is obtained at 1000 K.

replacing a smaller atom (Ti) in NiTi leads to more structural
reorganization than a smaller atom replacing a larger one; and
this could also be understood by the fact that a Ni atom has
10 valence electrons, while Ti has 4, so replacing Ti by Ni
significantly increases the Coulomb repulsion.

Martensitic transition temperature. Similar to equiatomic
NiTi, the reference structure of the austenite phase of off-
stoichiometric NiTi is unstable at 0 K with negative phonons,
and it can be stabilized by entropy at high temperature, em-
ploying the temperature-dependent effective potential (TDEP)
[48,49] method, as demonstrated by the phonon density of
states plotted in Fig. 3 for Ni71Ti73 and Ni73Ti71, in compari-
son with those of Ni72Ti72. We note that for off-stoichiometric
NiTi, higher temperature and longer simulation time are
needed to obtain converged TDEP interatomic force constants
(IFCs) than for equiatomic NiTi because of lower symmetry
and the larger number of independent IFCs.

Next, we computed the Gibbs free energy G for the austen-
ite and martensite phases. In Fig. 4(a), we plotted �G vs
temperature for these four off-stoichiometric NiTi, in com-
parison with the equiatomic NiTi. We find that for Ti-rich
Ni71Ti73 and Ni70Ti74, �G vs T are quite close to that of
Ni72Ti72, and so are the calculated MTTs, as illustrated in
Fig. 4(a). However, for Ni-rich Ni73Ti71 and Ni74Ti70, �G
are reduced by about 4 and 8 meV/atom compared with that
of Ni72Ti72 at the same T , mainly due to the much reduced
energy difference and leading to much decreased MTTs.

The calculated MTT vs xNi has exactly the same trend as
that of the experimental data [19], as shown in Fig. 4(b). We
note that experimentally, such a trend in MTT with respect
to composition corresponds to a solutionized material with no
secondary phase, such as precipitates. Just like the equiatomic
NiTi, the calculated MTTs of the off-stoichiometric NiTi are
also consistently about 60–70 K higher than the experimental
T0. Thus we have demonstrated that the vibrational entropy
plays a similarly crucial role in martensitic transitions in
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FIG. 4. (a) The Gibbs free energy G difference (�G) between the
austenite B2 and martensite B19′ phases. The martensitic transition
temperatures (MTTs) are determined at �G = 0 and are plotted in
(b) in comparison with experimental data [19]. Note that the open
black circles denote the Ni concentration (xNi) in raw material, while
the filled black circles correspond to the purity-corrected Ni concen-
tration (xp,O,C

Ni ).

off-stoichiometric SMAs as in equiatomic binaries, and our
current method is equally applicable.

Latent heat. There are two physical quantities to compen-
sate the energy difference (�E ) between the two phases at the
transition temperature. One is the difference in anharmonic
energy (Eanh) and the other is the entropy (S) difference. One
can separate and calculate these two terms following Haskins
et al. [26,27], i.e., at the transition temperature T ,

�E = �Eanh − T �S. (4)

Here, �E is the electronic energy difference between the
reference austenite structure and the corresponding martensite
structure, �Eanh is the anharmonic energy difference, and
�S is the entropic difference including both vibrational and
electronic configurational [Sel in Eq. (2)] contributions. We
omitted the contribution of �U el to �E since the magnitude
of �U el is less than 1 meV/atom for all of these NiTi binaries.
Eanh is defined as the amount of energy relative to the ideal
classical solids, i.e.,

Eanh(T ) = 1.5kBT − [Ē (T ) + Ēkin(T ) − Eref (T )], (5)

FIG. 5. (a) The calculated energy difference (�E ), −T �S, and
the difference in anharmonic energy (Eanh) at the transition tem-
perature. (b) The calculated latent heat q = −T �S, compared with
experimental data [19].

where Ē (T ), Ēkin(T ), and Eref (T ) are the mean electronic
energy, the mean kinetic energy, and the electronic energy
of the reference structure at T . Eanh is normally within a few
meV/atom for the martensite phase, while it is sizable for the
austenite phase. As plotted in Fig. 5(a), �Eanh comes mainly
from Eanh of the austenite phase, which helps to compensate
�E and greatly reduces MTT.

The physical meaning of −T �S at MTT is the latent heat
(q). Again, the computed trend of q vs xNi is in excellent agree-
ment with experiment, as demonstrated in Fig. 5(b), though
our first-principles calculations consistently overestimate q by
7–10 meV/atom over the considered range of Ni concentra-
tion. We summarized our calculated MTT and q in Table I.

Conclusions. In conclusion, our first-principles calcu-
lations not only reproduced the striking asymmetry in
martensitic transition temperature in off-stoichiometric NiTi

TABLE I. Calculated martensitic transition temperature (MTT,
in K) and the latent heat (q, in meV/atom) vs Ni concentration (xNi,
in atomic %).

xNi 48.6 49.3 50.0 50.7 51.4

MTT 421 423 422 368 295
q 21.0 22.7 25.8 19.2 13.5
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near the 50/50 composition, but it also revealed the physical
origin of this mysterious behavior, which is mainly due to the
characteristics of the charge distributions in these alloys. In
NiTi, Ni atoms have 10 valence electrons and a larger effective
atomic size, while Ti atoms have 4 valence electrons and a
smaller effective atomic size. Thus, replacing Ti by Ni causes
more structural reorganization and a higher level of deviation
from the ideal B2 in the austenite reference structure than
replacing Ni by Ti. Larger structural reorganization results
in a much reduced energy difference between the martensite

and austenite phases, and decreased MTT and latent heat. We
conclude that the same trend will be present in other SMAs; an
SMA’s properties and dynamics will be significantly modified
if the concentration of the near stoichiometric metal is above
50%, which has more valence electrons than other metals in
the SMA.
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