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Electronic origin of the intermediate phase of NiTi
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A nesting feature in the Fermi surface of ordered, equiatomic NiTi is reported, and related to ob-

served “premartensitic’ phenomena.

The shape-memory effect exhibited by NiTi alloys is as-
sociated with the martensitic transformation which
occurs near room temperature. The high-temperature 3
phase has the CsCl (B2) structure, while the low-
temperature martensitic phase is thought to be monoclin-
ic.! As temperature is lowered, the martensitic transfor-
mation in the equiatomic alloy is preceded by a “premar-
tensitic” or “intermediate,” R, phase.”? X-ray, electron,
and neutron scattering® indicate the development of su-
perlattice peaks near Q,=(4,1,0)27/a in the R phase.*
Earlier inelastic-neutron-scattering results suggested an
anomaly near this wave vector,»® and more recent re-
sults’ Y indicate that a transverse phonon with wave vec-
tor Q in the CsCl structure goes soft continuously as the
temperature is lowered. A calculation of the phonon
spectrum!® which included an evaluation of approximate
electron-phonon matrix elements [based on the self-
consistent augmented-plane-wave (APW) band struc-
ture'!] failed to show any feature near Q, which would
explain the sharp phonon anomaly reported.®® Questions
have therefore been raised about possible other driving
mechanisms for the anomaly.!?

We present the results of a new self-consistent band-
structure calculation which yields a slightly different Fer-
mi surface for the high-temperature 3 phase of NiTi. We
find that the small differences from the previous calcula-
tion'! do in fact lead to a nesting feature of the Fermi
surface, and the nesting wave vector occurs very close to
the position observed for the superlattice peaks (actually
a few percent smaller than Qg). Evaluation of the
electron-phonon matrix elements using the method of
Varma and Weber!? leads to a soft mode in the lowest =,
transverse branch and calculated phonon dispersion
curves in good agreement with the neutron-scattering ex-
periments. A more detailed account of our calculations
and a more in-depth study of NiTi will be presented else-
where.

We used a self-consistent first-principles tight-binding
method'* to evaluate the band structure. The results look
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very similar to those reported by Papaconstantopoulos
et al.,'' with only subtle differences; however, one of
those differences occurs on the Fermi surface as shown in
Fig. 1. Also shown is the Fermi-surface-nesting wave
vector between an unoccupied portion of band 7 and an
occupied portion of band 8. The nesting extends for k,
values between —0.277/a and +0.27/a. To evaluate the
generalized susceptibility, y(q), we fit the first-principles
band structure in two independent ways. We first used a
set of 60 symmetrized plane waves and obtained a rms
fitting error for bands 7 and 8 of 1.1 mRy. An empirical,
nonorthogonal Slater-Koster (or tight-binding) fit was
also made with comparable rms errors. The generalized
susceptibility was calculated using the tetrahedron
method!® with the energy eigenvalues obtained from ei-
ther fit giving nearly identical results. The Fourier series
was faster, which allowed the efficient evaluation of more
q vectors. We show in Fig. 2 those results for q along the
[110] direction. There is a noticeable rise in the suscepti-
bility from point " and to point M and of particular im-
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FIG. 1. The Fermi surface for band 7 in the left zone and for
band 8 in the right zone. The shaded regions are occupied. The
arrow shows the wave vector between the nested regions. The
dashed curve is a section of the band-7 Fermi surface reported
in Ref. 11.
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portance is the small peak which is caused by the nesting
feature described above.

A sharp peak in x(g) is frequently associated with
charge-density waves (CDW’s) and lattice instabilities.
Elementary arguments associate = CDW’s  with
longitudinal-phonon modes; however, in transition metals
the d-wave functions allow for many types of coupling,
and a full evaluation of the electron-phonon matrix ele-
ments is required. For example, a similar small peak in
the x(q) in fcc La causes a sharp phonon anomaly at
q=1(0.42,0.42,0.42)7 /a only in the transverse branch.!®

To evaluate the electron-phonon matrix elements we
have adopted the method of Varma and Weber.!> We use
the full formalism!” and not the simplified approximation
used by Bruinsma.!® The basic idea is to evaluate accu-
rately the electron-phonon coupling for bands 7 and 8
which cross the Fermi level and give rise to rapidly
changing g-dependent contributions to the dynamical
matrix. For the calculation, the Brillouin zone was parti-
tioned into cubes on a 7/20a mesh and the electron-
phonon matrix elements were assumed constant within
each cube. This restricts the evaluation of the dynamical
matrix to q vectors on the same mesh [unlike the x(q) re-
sults of Fig. 2]. A few short-range force constants are
used as parameters to model the short-range or gradual
g-dependent contributions. The values of the six short-
range force constants (INN Ti-Ni, Ni-Ni, Ti-Ti) were
determined by fitting the total theoretical values (ob-
tained from the short-range force constants plus the elec-
tronic contribution) to the phonons measured to 400 K.’
Also, information from phonon density-of-states measure-
ments® has been included in the fitting procedure. Pho-
non frequencies have been measured only for the three
acoustic phonon branches along various high-symmetry
directions and for a few optic modes very close to the
Brillouin-zone center.’~° Because of the large incoherent
scattering of Ni and the negative coherent scattering am-
plitude of Ti, the measurement of the optic modes is
difficult.

The calculated phonon dispersion curves are in good
agreement with the neutron data of the acoustic modes
(see Fig. 3). However, the theoretical results predict a
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FIG. 2. The generalized susceptibility for NiTi along the
[110] or = direction. Only bands 7 and 8 which cross the Fermi
level were included.
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FIG. 3. The phonon dispersion curves along the [110] direc-
tion. The data points are from Ref. 9. The dashed lines are the
calculated results using only the short-range force constants,
while the solid lines are the calculated results including the
electron-phonon matrix elements for bands 7 and 8. The fre-
quencies were calculated on a k mesh of 0.05.

gap between optic and acoustic modes which is not ob-
served in the phonon density-of-states data. It should be
noted that any Born—von Karman model constructed for
the interpolation of the experimental phonon data also
yields a gap or pseudogap between optic and acoustic
modes. We suspect that this discrepancy arises from
significant antisite disorder between the Ti and Ni sublat-
tices.

The lack of data for the upper three branches is a prob-
lem in arriving at a final theoretical set of short-range pa-
rameters. We plan frozen-phonon calculations to provide
a totally first-principles phonon spectrum for the com-
pletely ordered compound.

Figure 3 exhibits the acoustic branches along the [110]
direction. A very strong renormalization of the trans-
verse 2,(110) modes due to electron-phonon interaction
is observed over the whole range of the =, branch. Also
the longitudinal =,(110) branch is drastically lowered to-
wards the zone boundary, where it becomes degenerate
with the 2, branch. In addition, a strong dip in the 2,
branch near Q=(4,4,0)27/a is obtained. In fact, the
theoretical results, which are T=0 K calculations, indi-
cate a lattice instability. Any finite-temperature effects
would smear the nesting and bring theory and experiment
into better agreement. This idea is supported by the large
measured temperature dependence of the dip.?

The coupling of the electrons to the =, branch arises
from the geometry of the d orbitals involved. For k on
the nesting portion of the band-8 Fermi surface the larg-
est component of the wave functions is from the Ni
a’xz_yz orbital, and for k +Q, on the nesting portion of
the band-7 Fermi surface the largest component of the
wave function is from the Ti d,, orbital. The matrix ele-
ments involving these orbitals are an example of a so-
called dormant interaction'” which results in a particular-
ly large electron-phonon coupling for the X, displace-
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ments and little coupling for the longitudinal and [001]
transverse displacements.

Besides the extreme temperature dependence of the =,
branch near (,1,0)27/a, the entire =, branch is temper-
ature dependent, with the frequencies becoming smaller
as the temperature is lowered. This anomalous tempera-
ture dependence is characteristic of the lower transverse
[110] branch in many bcc elements. We expect the
anharmonic couplings responsible for this behavior to be
similar to those we have previously studied for the bcc-
to-hcp transition in Zr.!* The anharmonic interactions in
the entire 2, branch are responsible for driving the mar-
tensitic transformation. The transformation to the inter-
mediate phase, on the other hand, is caused by the nest-
ing and resulting dip in the =, branch, with an added
contribution from the general lowering of the 2, branch
(with decreasing temperature) which helps to push the Q,
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phonon to lower frequencies and eventually soft. Thus,
the “premartensitic” phase in NiTi is present only be-
cause of a subtle feature of its Fermi surface, and exactly
similar premartensitic phenomena are not in general ex-
pected to accompany martensitic transformations in oth-
er alloys.
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