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Electronic and crystal structure of NiTi martensite
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All of the first-principles electronic-structure calculations for the martensitic structure of NiTi have used the
experimental atomic parameters reported by Michal and Sinclair@Acta Crystallogr., Sect. B: Struct. Crystal-
logr. Cryst. Chem.B37, 1803 ~1981!#. We have used first-principles, full-potential, linear muffin-tin orbital
calculations to examine the total energy of all the experimental martensitic structures reported in the literature.
We find that another crystal structure, that of Kudohet al. @Acta Metall. Mater.33, 2049 ~1985!#, has the
lowest total energy at zero temperature. Ground-state and formation energies were calculated for all of the
experimental structures. Total and local densities of states were calculated and compared with each other for
the structures of both Kudohet al. and Michal and Sinclair@S0163-1829~98!01636-1#
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I. INTRODUCTION

The B2 ~bcc-like CsCl structure! phase of NiTi, also
called nitinol, has been used for more than three decades
shape memory alloy for couplings, fastener, connectors,
actuators in the automotive and aerospace industries, an
electronics, mechanical engineering, and medical appl
tions. This material transforms martensitically from the p
ent B2 phase to a monoclinic martensitic phase with an
termediate orthorhombicR phase, from which a reversibl
shape memory effect—with the best shape memory beha
of all shape-memory alloys—and pseudoelasticity results
understand the martensitic transformation, it is essentia
know the crystal structure of the martensitic and par
phases as precisely as possible. However, the nitinol ma
sitic crystal structure has been controversial for a long tim1

One reason for this has been the lack of single-crystal
fraction measurements for precise crystal-structure analy
because single crystals of the alloys were very difficult
obtain in the martensitic phase. Since 1971, all investiga
have agreed that the parent phase in nitinol is a CsCl-t
structure, known asB2, and that the martensite phase
monoclinic, known asB198. Nonetheless, although there
agreement on the overall unit cell between different exp
ments, the positions of the atoms within the unit cell diff
considerably~Tables I and II!. Historically, in 1971, Otsuka
et al.2 identified the martensitic structure in nitinol as
monoclinic structure ofP2/c symmetry. In the same yea
however, Hehemann and Sandrock3 ~HS! noted that in some
of the martensitic variants of their nitinol sample, the u
cell is monoclinic withP21 /m symmetry, with atomic coor-
dinates that have slightly smaller bond lengths between
Ti and Ni atoms in the cell. Continuing this study, in 198
Michal and Sinclair4 ~MS! concluded that the martensite is
monoclinic P21 /m-type structure, but with some small di
ferences in the coordinates of atoms as compared with th
given in Ref. 2. In an attempt to obtain more accurate data
PRB 580163-1829/98/58~20!/13590~4!/$15.00
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1983 Bührer et al.5 ~BGKMS! used a power-type nitino
specimen in a neutron-diffraction experiment. They co
cluded that the martensite in nitinol is monoclinic of the ty
P21 /m, which is slightly more distorted and slender than t
unit cells proposed in Refs. 2–4. Finally, in 1985 Kudo
et al.6 ~KTMO! analyzed the structure in a straightforwa
manner by utilizing a x-ray four-circle diffractometer. The
concluded that the martensite unit cell is of the typeP21 /m.

Although theoretical calculations of equilibrium volum
and lattice constants are straightforward calculations in fi
principles electronic-structure methods, because of th
smaller energy differences, it is much more difficult to com
pute small changes of the atomic positions inside the u
cell. These parameters are therefore usually based on ex
mental measurements. In this respect, NiTi poses an inte
ing problem, since three different values for the atomic p
sitions have been reported ~Fig. 1!. Although
experimentalists7–9 tend to favor the KTMO crystal struc
ture, because of the better accuracy of the experimental fi
the data, all of the available first-principles band-structu
calculations10–15 of the monoclinic martensitic NiTi crysta

TABLE I. Comparisons of lattice parameters for NiTi marte
site.

Experiment HS MS BGKMS KTMO

a~Å! 2.883 2.885 2.884 2.898

b~Å! 4.117 4.120 4.110 4.108

c~Å! 4.623 4.622 4.665 4.646

b(°) 96.8 96.8 98.10 97.78

Atoms/unit cell 4 4 4 4
Space group P21 /m P21 /m P21 /m P21 /m
13 590 ©1998 The American Physical Society



d
e
he
o

in
ta

th
fo
th
tu
s
r

ar
l

e
ase
sis
in

er
sed

de
-
es
eri-

am-
ed

o
soci-
tion
od
the
tion

O

ni
MS

O
-

r-

y
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structure have been based on the crystal structure reporte
MS.4 No reasons were given in any of the theoretical pap
why the MS parameters were preferred to other publis
structures. For this reason, we have decided to do a m
extensive set of theoretical calculations to see if an exam
tion of total energies could determine the correct crys
structure.

In this paper, we report and compare calculations of
ground-state and formation energies of NiTi martensite
the different experimental atomic parameters. We show
the KTMO crystal structure has the lowest zero-tempera
energy. We compare ground-state and formation energie
all of the different crystal structures, and show the diffe
ences in the total and local densities of states~DOS! between
the MS and KTMO structures.

FIG. 1. The crystal structure of Ni-Ti martensite for the KTM
~solid line! and the MS~dashed line! structure, viewed from the
@010# direction. The atom configurations in the conventional u
cell are shown. Filled and open symbols are the KTMO and
atomic positions, respectively.

TABLE II. Comparisons of atomic positions~conventional co-
ordinates! for NiTi martensite.

Experiment Ti Ni

HS 0, 0, 0 1
2 , 0, 1

2

0, 1
2 , 5

8
1
2 , 1

2 , 1
8

MS 0, 0, 0 0.580, 0, 0.472
0.055, 1

2 , 0.558 0.475,12 , 0.086

BGKMS 0, 0, 0 0.595, 0, 0.437
0.122, 1

2 , 0.534 0.527,12 , 0.097

KTMO 0, 0, 0 0.6196, 0, 0.4588
0.1648,1

2 , 0.5672 0.5452,12 , 0.1084
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II. CALCULATIONAL DETAILS AND DISCUSSION

In our calculations we have used a full-potential line
muffin-tin orbital technique.16–18 The calculations were al
electron, fully relativistic~with the spin-orbit coupling in-
cluded at each variational step19,20!, and employed no shap
approximation to the charge density or potential. The b
geometry was nonoverlapping muffin-tin spheres; the ba
function, charge density and potential were expanded
spherical harmonics within the muffin-tins and in Fouri
series in the interstitial region. The basis set was compri
of augmented linear muffin-tin orbitals.19,20 The tails of the
basis functions~the extension of the basis functions outsi
their parent spheres! were either Hankel or Neuman func
tions with nonzero kinetic energy. Four different tail valu
of the kinetic energy were used in these calculations. Sph
cal harmonic expansions were carried out throughl 58 for
the basis functions, charge density, and potential. For s
pling the irreducible wedge of the Brillouin zone, we us
the specialk-point method21,22with 260 and 220k points for
monoclinic (B198) and bcc (B2) structures, respectively. T
speed convergence of the ground-state energies we as
ated each calculated eigenvalue with a Gaussian func
having a width of 5 mRy. The linearized tetrahedron meth
was used to calculate the total and local DOS. Finally,
calculations used the Hedin-Lundqvist exchange-correla

t FIG. 2. Densities of states of NiTi martensite for the KTM
~solid line! and the MS~dashed line! experimental crystal struc
tures.

TABLE III. Ground-state and formation energies for NiTi ma
tensite. The ground-state energy is relative to theB2 structure,
which is 22375.331 62 Ry/atom (232 318.044 91 eV/atom).

Experiment Ground-state energy Formation energ
mRy/atom~meV/atom! kJ/atom

B2 0. ~0.! 238.00
HS 6.90~93.88! 228.95
MS 20.79 (210.75! 239.04
BGKMS 22.34 (231.84! 241.07
KTMO 23.41 (246.39! 242.48
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functional with gradient corrections to the exchange and c
relation included.

The formation energies for different experiments were
tained by subtracting the weighted sum of the total energ
of the constituent elements from the total energy of the co
pound,DE5ENiaTib

2(aENi
f cc1bETi

hcp).
Our results for the ground-state and formation energ

showed significant differences between the different cry
structures, with the KTMO structure having the lowe
ground-state energy~Table III!. Our formation energy
(237.8 kJ/atom) for the MS experimental structure is
good agreement with the other reported first-princip
values.13 It is likely that the small difference between the tw
sets of calculations is because we used the experimenta
stead of the calculated equilibrium value for the lattice co
stant.

In principle, we could have tried to find the crystal stru
ture that the local-density approximation calculations wo
predict based on a minimization of the total energy. Ho
ever, because of the large number of parameters~12 in all!
that would need to be optimized, we chose not to do t
With the high degree of accuracy required to converge

FIG. 3. Density of states forB2 NiTi.

FIG. 4. Ni d-like densities of states in NiTi martensite for th
KTMO ~solid line! and the MS~dashed line! experimental crystal
structures.
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total energy to the required precision, such a large numbe
calculations would be very expensive computationally. W
therefore restricted the scope of this paper to the experim
tal geometries.

In addition to the total energy, we calculated the to
DOS for both the KTMO and MS lattice parameters~Fig. 2!,
as well as for the bcc crystal structure~Fig. 3!. The calcu-
lated total DOS for the MS atomic parameters is very sim
to the other calculations12,13 and is dominated by the Ni an
Ti d-projected DOS~Figs. 4 and 5!. While the overall place-
ment and structure of the MS and KTMO bands are simi
their fine-scale features are different. In particular, t
KTMO structure has a significantly lower DOS at the Fer
energy~cf. Fig. 2 and Table IV!, which may partially explain
its greater stability.

The x-ray photoelectron spectra~XPS! experiments23,24

showed that the forms of spectra do not significantly cha
at the martensitic transformation and display fine structure
both parent and martensite states. If we compare the total
d-projected densities of states of these structures with the
structure, we note that on a broad scale they are remark
similar. With the inherent significant instrumental and e
cited state broadening in an XPS experiment, it is not s
prising that the XPS should be somewhat similar.

Selected interatomic distances for the Ti-Ni bond a

FIG. 5. Ti d-like densities of the states in NiTi martensite fo
the KTMO ~solid line! and MS~dashed line! experimental crystal
structures.

TABLE IV. Total and projected DOS for NiTi martensite at th
Fermi energy~in states/eV atom!.

Experiment MS KTMO

TDOS 13.35 10.15
Ti
s 0.21 0.14
p 0.93 1.06
d 14.59 10.1
Ni
s 0.34 0.32
p 1.22 1.34
d 9.26 7.22
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given in Table V. The lines in the table separate the bo
lengths which are bigger or smaller than theB2 Ni-Ti bonds
~last line of the table!. The monoclinicB198 structure has
seven short Ti-Ni bonds instead of the eight for the bcc str

TABLE V. Selected interatomic distances~Å! for NiTi. The
bond-length variation is the difference between the longest
shortest bonds in the cluster of seven nearest-neighbor bonds fo
martensitic structures.

Experiment HS MS BGKMS KTMO

Martensite (B198)
Ti-Ni 2.54132 2.48032 2.47332 2.52832

2.57032 2.58731 2.48831 2.52931
2.61832 2.59331 2.54231 2.59431
2.86532 2.61532 2.55832 2.59932

2.61831 2.72031 2.60531
3.11831 3.33431 3.28231

Bond-length
variation 0.324 0.138 0.247 0.077

Austenite (B2)
Ti-Ni 2.61138
iv
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ture. These seven most closely resemble theB2 lattice for
the KTMO structure. Also, the range of Ti-Ni bond length
is greatly reduced relative to other published structures~c.f.
the bond-length variation!. This may make it easier for the
martensitic transformation to occur.

III. CONCLUSION

In conclusion, we showed that the KTMO experimen
parameters give the lowest zero-temperature energy, in
trast to the MS parameters that have been used in all th
retical band-structure calculations. This would tend to co
firm the arguments of KTMO that their structure is th
correct martensitic crystal structure, since their fit to the
perimental x-ray diffraction patterns was significantly bett
We would suggest that future electronic-structure calcu
tions should use the KTMO crystal structure.
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