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An ab initio study of the Bain strain and orthorhombic distortions in the TiM compounds (M ­ Ni,
Cu, Rh, Pd, and Ag) shows that theB2 structure of the shape memory alloy TiNi, unlike that o
the other TiM compounds, is stable against these distortions, and that TiNi has some flat total en
minima. A thermodynamic model, built on these findings, displays some features of the shape me
effect. An electronic structure analysis reveals the importance of the Ni metallic bonding to theB2
phase stability and to the detwinning mechanism. [S0031-9007(97)03438-8]

PACS numbers: 62.20.Fe, 71.20.–b, 81.30.Kf
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TiNi crystallizes in the cubicB2 (CsCl) structure at
high temperatures. It undergoes a martensitic transform
tion (MT) to a low temperature monoclinicb190 struc-
ture (martensite) [1,2] at the MT temperature (Ms) of
,333 K [2]. The MT is accompanied by the shape
memory effect (SME) [1,3]. The SME is an unusual me
chanical deformation behavior. It arises when an allo
plastically deformed at some low temperature reverts to
original shape upon heating to some temperatures hig
than As during the reverse transformation process. T
As for TiNi is slightly (10 20 K) above theMs. Experi-
ments [3] have revealed that inside the martensite th
are energetic equivalent domains separated by twinn
boundaries which accommodate the reversible mechan
deformations through twinning processes. Furthermo
it has been concluded that a detwinning (or deshe
ing) mechanism is essential to the original shape back
process [3,4]. A tremendous amount of experimental a
theoretical work on both MTs and SME (see, e.g., [1
7]) has been carried out because of their intrinsic fund
mental interest and important technological application
However, the theoretical understanding of the MTs is st
incomplete, and no microscopic theory so far has be
proposed to explain the SME.

In order to contribute to the atomic level understandin
of the SME, we have carried out comparative total ener
and electronic structure studies of the Bain transformati
and orthorhombic distortions in five Ti-based intermeta
lic compounds TiM (M ­ Ni, Cu, Rh, Pd, and Ag). In-
terestingly, our total energy calculations show that theB2
structure of TiNi, unlike that of the other TiM compounds
studied, is stable against these distortions, and there
energy barriers separating it from the martensite. This
perhaps why only TiNi, among these compounds, exhib
the SME. In this Letter, we describe a microscopic mod
case for the SME in TiNi and discuss the stability of th
B2 structure and the SME in terms of the calculated ele
tronic structures and free energies.
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Self-consistent electronic band structure and total ene
calculations of these compounds have been perform
using the highly accurate full-potential linear augment
plane (FLAPW) method [8]. The calculations are bas
on the first-principles density function theory with th
usual local density approximation (LDA) using the LD
exchange-correlation potential by Voskoet al. [9]. The
special k-point Brillouin zone (BZ) integration method
[10] was used, with 105 and 96k points for the tetragona
and orthorhombic structures, respectively. The cut
angular momentum,Lmax, is 12 for the wave functions
and 6 for charge densities and potentials in the muffi
tin spheres. The number of the augmented plane wa
included is about 100 to 125 per atom.

Bain strain [5,11] is a homogeneous tetragonal dist
tion measured by a single variable of thecya ratio. It
transforms, through a continuous change ofcya, the B2
structure (cya ­ 1) to a fcc-based close-packed structu
(cya ­

p
2). Here, we use the termL10 to refer to the

intermediate, tetragonal phase withcya other than 1. In
Fig. 1 we plot the total energy for all the TiM compounds
considered as a function of the Bain strain (cya) with the
volume fixed to theB2 minimum energy volume. We
note that our theoretical results are consistent with exp
ments. For example, our results show that TiRh ha
stableL10 with a cya of 1.15, compared favorably with
the experimentalcya value of1.14 [2]. For TiCu theL10
structure withcya ø 0.9 [2] resulting from quenching is
confirmed by our calculations. The theoretically indicat
L10 with cya ø 1.4 may be prevented by the barrier a
cya ø 1.1. TiAg [2] has aL10 with cya ø 1.41 being
close to our theoretical result ofcya ø 1.5. To identify
particular features in the electronic structure of the TM
compounds which destabilize theB2 structure, we de-
compose the total energy (Etot) in a traditional manner
[12], as the sum of the one electron eigenvalue sum
band energy) (Eband), the Madelung energy, and the so
called double counting term. We found that the Madelu
© 1997 The American Physical Society 4789
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FIG. 1. Total energyDE
L102B2
tot (relative to theB2 phase) of

the TiM compounds as a function ofcya. The vertical lines
at cya ­ 1 and1.41 denote, respectively, theB2 and fcc-based
structures (see text).

energy [12] alone would stabilize theB2 against a Bain
distortion in all the systems except TiRh where th
Madelung energy is neutral for small Bain distortions
Thus, Eband seems to be the key factor controlling the
instability of theB2 structure.

We found that the unusual feature of TiNi compare
with the other TiM compounds is that the Ni-d orbitals
are much less active than that of the otherM transition
metals. To illustrate this interesting bonding characte
we show in Fig. 2 the differences between the valen
charge densities and those obtained by a superposition

FIG. 2. Valence charge densities on thef110g plane (plotted
as the differences between the valence charge densities
those obtained by a superposition of the free atomic char
densities) (in unit of ey Å3): (a) TiNi cya ­ 1, (b) TiNi
cya ­ 1.23, (c) TiPdcya ­ 1, and (d) TiPdcya ­ 1.23. The
increased and decreased charge densities are denoted with
lines and dashed lines, respectively.
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the atomic charge densities for TiNi and TiPd. Here Pd
is taken as the representative of the otherM transition
metals. We note that in thecya range from 1 to 1.05,
the charge density around the Ni atoms is spherically
symmetric and concentrated around the core region (i.e
metallic bonding). This may be further quantified by the
ratio of the occupation number perd-t2g state over the
occupation number perd-eg state. We found that the ratio
for Ni is far closer to 1 than the otherM atoms. In
contrast, thed-t2g orbitals of Pd are more extended and
the bonding between Ti and Pd is directional even in
the B2 structure (see Fig. 2). Interestingly, the Ni band
energy tends to stabilize theB2 against the tetragonal
shear (see Fig. 3) when the Ni is in the metallic bonding
state. This behavior is not shared by any otherM’s band
energy which, we found, is actually the major driving
force of the transformation. Beyondcya ­ 1.05, the
directional bonding is built up between Ti and Ni ascya
further increases and, as a result, the Ni band energy is n
longer to stabilize theB2 structure (see Fig. 3).

One could expect that the nondirectional Ni metallic
bonding in the B2 TiNi would resist other structural
deformations. Therefore, we further performed the
FLAPW calculations for the orthorhombic distortions.
The calculated total energy for TiNi is plotted against
cya and byaB2 (aB2 ­ ay

p
2) in Fig. 4. Further details

may be found in [13]. For TiNi, there is a metastable
orthorhombic (b19) phase [a ­ 4.07 Å, b ­ 2.73 Å,
and c ­ 4.64 Å; Ni s1y4, 0, z̄d, s3y4, 0, zd, z ­ 0.185;
Tis1y4, 1y2, zd, s3y4, 1y2, z̄d, z ­ 0.283] which is about
1.4 mRy lower in total energy than theB2. Importantly,
there is indeed an energy barrier of about 1.8 mRyyatom
from the b19 side between the two phases. Note tha
this b19 phase is structurally and energetically close
to the observedb190 (a ­ 4.12 Å, b ­ 2.88 Å, and
c ­ 4.62 Å; Ni s1y4, 0.027, z̄d, s3y4, 0.973, zd, z ­ 0.193;

FIG. 3. Total and site-decomposed band energy difference
between aL10 and theB2 structure,DE

L102B2
band , for TiNi (full

lines) and TiPd (broken lines) as a function ofcya from 1 to
1.1: (a)DE

L102B2
band2total; (b) DE

L102B2
band2Ti; and (c)DE

L102B2
band2NisPdd.
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FIG. 4. Total energy of TiNi (upper) and TiPd (lower) as
function of cya and byaB2. The energy difference between
two adjacent contour lines is 0.2 mRyyatom for TiNi and
1.0 mRyyatom for TiPd. The dotted lines indicate the tota
energy being below that of theB2 phase.

Tis1y4, 0.553, zd, s3y4, 0.448, z̄d, z ­ 0.279, g ­ 96.8±

[14], and DE
B22b190

tot ø 1.7 mRyyatom [15]). We also
performed similar FLAPW total energy calculations fo
other TiM compounds and found that theB2 phases are
always unstable against an orthorhombic distortion. W
show in Fig. 4 the results for TiPd as a representativ
The minimum total energyb19 of TiPd has the structural
parameters asa ­ 4.58 Å, b ­ 2.75 Å, andc ­ 4.83 Å;
Pds1y4, 0, zd, s3y4, 0, z̄d, z ­ 0.697; Tis1y4, 1y2, zd,
s3y4, 1y2, z̄d, z ­ 0.197, in good agreement with the
observedb19 [16].

The total energy for TiNi shown in Fig. 4 exhibits a
rather flat local energy minimum at theb19 phase. This
means that when in theb19 “martensite,” TiNi would be
rather insensitive to deformation, a characteristic shar
by all shape memory alloys (SMA) [3,4]. We therefor
construct a simple model case for the SME and in t
following discussions take this metastableb19 structure
as the real martensite since theb19 is close to theb190.
Below, we calculate the free energy as a function
temperature along the minimum total energy path from t
B2 to theb19 martensite to see how a deformed specim
could recover its original shape when heated.

In the present free energy calculations, we includ
only the leading terms suggested by Watson and Wein
[17] and Moroni et al. [18]. Thus, the free energy
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difference is given as

DGtotsT d ­ DEtotsT d 2 TDSelesT d 1 DGvibsT d . (1)

Here, the temperature dependence ofDEtotsT d is approxi-
mated by the energy change caused by the thermal ex
tion of the valence electrons [

R
ENsEdfdE 2 Ebands0d],

wheref is the Fermi distribution function andNsEd the
density of states. The electronic entropySelesT d is given
by [17]

SelesT d ­
Z T

0
dT 0 1

T 0

d
dT 0

Z 1`

2`

dE
ENsEd

esE2mdykT 0
1 1

,

(2)

wherem is the chemical potential.
We obtained the vibrational free energyGvibsT d from

the Debye temperature (QD) using the general equation
given in [19,20]. Anderson [20] showed that for a
isotropic crystal theQD can be derived from the average
velocity ȳ which, for cubic lattices, is related to the elast
constantsB, C0, andC44. For ab19 (orthorhombic) lattice,
the sound velocity associated with shear and longitudi
modes is related to the various elastic constants (Cij) in
a complicated way [20]. Nevertheless, we noticed th
for TiNi the b19 andb190 structures are just a modified
B2 structure with some minor variations. Thus, to ma
the QD calculation for theb19-TiNi tractable, we used
the expressions forQD for the cubic phase given by
Anderson [20]. We also used the well established
elastic anisotropy value (A ­ C44yC0) 0.6 for b190-TiNi
and 2.0 forB2-TiNi to obtain theC44 for the b19 and
B2, respectively. For the otherb19 phases along the
minimum energy path, the bulk modulusB and the shear
constantC0 are derived from our total energy calculation
but theA values are estimated through a linear interpolati
between the values for theB2 and theb19. Figure 5
shows that the calculatedSvibsTd for the B2 and the
b19 phases are, respectively, in good agreement with
measured values for theB2 and theb190 phases. This

FIG. 5. The calculated TiNiSvibsT d (in unit of kByatom) for
B2 (full line) and for b19 (broken line) are compared with the
SvibsT d for B2 (dotted line) and forb190 (chain line) derived
from the measured phonon density of states [21].
4791



VOLUME 78, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 23 JUNE 1997

h

a

t

g
al

. T.
ast

l.

,

B

B

7.

ci.

s.

v.

B

FIG. 6(color). TiNi free energyDGsT d (relative to theB2
phase) along the minimum energy path (see Fig. 4). T
numbers on the horizontal axes merely indicate the distan
from theB2 phase (at 0). Theb19 phase is at 42. The lower
panel is an amplified image of the upper panel.

lends strong support to the principle underlying ourDGsT d
calculations. The calculated transformation temperatu
T0 is 340 K, a value being nearly the same as the measu
T0 ø 340 K between theB2 and theb190 phases. This
is perhaps not surprising since, as noticed before, t
b19 phase is close to theb190 both geometrically and
energetically.

The final results for the free energyGsT d along the
minimum energy path are shown in Fig. 6. Figure
shows some SME behaviors as follows: At low temper
tures a specimen in the martensitic state would be duct
and easily extended or compressed. When heated to su
cient high temperatures, it reverts to the originalB2 phase
because the martensite is now unstable and its shape is
covered since the deformation can no longer be sustain
in theB2 structure.

In conclusion, from the electronic structure viewpoin
the specimen which grows to remember the undeform
condition may be regarded as a direct result of the sh
from the covalent bonding in the martensite to the metall
4792
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one in theB2. Therefore, the unique Ni metallic bondin
in the B2 structure which appears to be the princip
source of theB2 stability, is also the main driving force
in the detwinning process.
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Landsberg for their support and encouragement in the p
years.
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