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The electronic band structure of B-phase Ni, Al,_, has been calculated using a first-principles linear
combination of atomic orbitals method, and then fitted by the nonorthogonal empirical tight-binding
method for the evaluation of electron-phonon matrix elements. A Kohn-like anomaly in the TA, branch
along the [110] direction is attributed to both strong electron-phonon interactions and Fermi-surface
nesting. Other phonon anomalies near q=0.55(1,1,1)7/a and q=0.6(1,0,0)7/a in B-phase Nij 50Al, 59
are predicted. For the Nig ¢,5Al; 375 composition, the TA, anomaly shifts to smaller wave vectors and
the phonon is predicted to be soft at 7=0 K. Introducing a thermal smearing of the Fermi surface is

enough to stabilize this mode, which occurs near (
tensitic transformation.

I. INTRODUCTION

Martensitic transformations have been perplexing
scientists for over a century. It was only with the
discovery and application of x-ray diffraction to steels,
that the fundamental nature of such transformations was
established.! They involve the cooperative, rather than
diffusive, displacement of atoms. The size of the displace-
ments can be a large percentage of the lattice constant,
and the resulting crystal symmetry is altered. Displacive
transformations occur in a wide variety of materials and
are further classified from weak (almost second order) to
strongly first order.? Among those materials which ex-
hibit transformations intermediate between these ex-
tremes, 3-phase Ni, Al,_, alloys are the prototypical ex-
amples and have received extensive study by neutron, x-
ray, and electron scattering, as well as numerous other
techniques. Many of these studies are quite recent, and
have provided a wealth of details concerning the transfor-
mation.> There is also a growing optimism that a com-
plete microscopic analysis of such transformations will
soon be within reach.® In this paper we focus on the pho-
non structure of Ni-Al alloys and relate it to the underly-
ing electronic structure, an important ingredient in the
“mechanics” of many martensitic transformations.

The cesium chloride or B-phase structure of Ni, Al; _ .
alloys is well known for exhibiting a martensitic phase
transformation for x near 0.62.*7'2 In the high-
temperature phase, neutron scattering measurements
have revealed phonon anomalies that strengthen as the
temperature is lowered toward the transformation tem-
perature, T,,. The anomalies are also dependent on the
concentration x and the applied stress; and occur at those
phonon wave vectors related to the transformation dis-
placements.'! "> Among investigators studying such
phenomena there is the belief that “the phonons are the
roadmaps” for the physics of the transformations.'*
Indeed, the large decrease in vibrational frequency ob-
served as the temperature is lowered is quite anomalous
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0)m/a and is associated with the well-known mar-

and is indicative of strong anharmonic interactions. In
the last few years it has been realized that these anhar-
monic forces are the key to understanding many marten-
sitic transformations.>!>~2! In this paper we concentrate
on the phonons themselves, rather than on the large dis-
placements occurring for the transformations. We are
able to identify a nesting feature of the Fermi surface as
the electronic origin of the phonon anomaly and to trace
its dependence on concentration. Other recent studies re-
late the anomalies to anharmonic forces for large dis-
placements,’ and to the observed pseudoelastic behavior
under applied stress. '

The electronic structure of NiAl has been the subject
of numerous investigations.”? >* In general there is good
agreement among the theoretical band structure calcula-
tions. (See Ref. 22 for a comparison of several theoretical
studies along with detailed data from angle resolved pho-
toemission experiments. Reference 23 gives a compar-
ison between theory and experiment for the optical con-
ductivity up to ~6 eV.) The electronic structure of or-
dered NiAl is of course easily evaluated using modern
band structure methods, while the consideration of con-
centration changes (x dependence) or disorder requires
further approximations which we address later.

The experimental determination of the bulk and sur-
face vibrational modes of NiAl have recently been report-
ed,’! and we first concentrate on the theoretical deter-
mination of these phonon dispersion curves (for the bulk
x =0.5 alloy). We then follow the weak anomaly in the
transverse [110] branch and show how it moves and
strengthens as x approaches the values where the marten-
sitic transformation occurs. The transformation temper-
ature, T, is also very sensitive to the concentration and
varies from 0 K to 400 K as x varies from 0.60 to
0.68.°712 While we are unable to accurately treat the
temperature dependence, we do show how a thermal
smearing of the sharp Fermi-surface nesting feature
affects the phonon anomaly in a manner consistent with
the experiments.
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II. ELECTRONIC STRUCTURE AND THE PHONON
SPECTRUM OF B-PHASE NiAl

A. Method

We have used a self-consistent first-principles linear
combination of atomic orbitals (LCAO) method* to cal-
culate the electronic band structure of NiAl. The same
method was also used in our study of the electron-phonon
interactions in NiTi.* In this method the s, p, and d ra-
dial functions are expanded in a series of 18, 18, and 15
Gaussian functions, respectively, and the required in-
tegrals performed analytically. The method is quite accu-
rate and our results for the energy bands and density of
states are very similar to previous first-principles stud-
ies.?>? In order to calculate the electron-phonon (e-ph)
interaction matrix elements for use with the method of
Varma and Weber,** the first-principles band structure
was fitted using a nonorthogonal Slater-Koster tight-
binding (TB) Hamiltonian. The empirical TB model in-
cluded s, p, and d states on Ni, and s and p states on Al.
Thirteen bands of 15 high-symmetry k points have been
fitted. When the energy bands around the Fermi energy,
(Ep=0), are given higher weight, the overall RMS error
is about 1.8 mRy, with the fit errors for the energy bands
around E being about 1 mRy. The TB energy bands are
shown in Fig. 1. From Fig. 1 it can be seen that only the
energy bands 6 and 7, counted from the bottom, cross the
Fermi energy. These are the bands which will be includ-
ed in the calculation of the e-ph interaction. The TB
bands around the Fermi energy differ insignificantly from
the first-principles results. High quality TB bands are vi-
tal for the calculation of the e-ph interaction, since a sub-
tle distortion of the Fermi surface may smear out any
nesting feature contributing to the phonon anomaly. The
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FIG. 1. The electronic energy bands of B-phase NiAl. The
bands were calculated by using a first-principles LCAO method
and then fitted by using an empirical tight-binding Hamiltonian.

two parts. Only the antibonding d states of Ni which mix
with the s and p states of Al are located near the Fermi
energy. The four low energy d bands of Ni are full and it
is found that the total d occupation is close to 9.0, the
same as for pure Ni.

To proceed with the evaluation of the electron phonon
coupling we follow Varma and Weber®® and write the
dynamical matrix as

D=Dy,+D,+D,, (1

where (D,+ D, ) are the short-range interactions between
the atoms, which will be depicted by a Born-von
Karman force constant model; D, is the contribution
from the e-ph interaction, which is given by’

fky( 1 _fk+q,v)

Ka

DZ(Ka’K,BIq)=— 2 gk,y;k+q,vg;-€q,v;k,u

total and partial electron density of states (DOS) are Koy Ek+qv Ekp
given in Fig. 2. One interesting feature of the DOS is
that there is a sharp dip in the Ni d states at —0.058 Ry, 2)
which almost divides the d-electron states of nickel into  in which
|
ghw= 3 A*(k'V|31m1)[Va(ﬁlm132m2|k)5313—7’a(.31m132m2|k')532/3]/4 (kulBym,) €)
Bymy,Bym,y
.
and into cubes on a 7/(20a) mesh. In the standard }th re-
AH gion of the Brillouin zone, there are 1771 k points on a
YalBim Bym, [K)=T, (g | BB |¢g,m,?  mesh of cube corners which will be used to calculate the
! a P22 energy, E(k). There are 1540 k points, which are located
o KRBLBL) (4)  in the centers of the cubes and the wave functions at

Here |¢g,, ) is the mth orbital of the atomic wave func-
tion of site B; RU,B,,5,B,)=R(B;)—R(I,B,);
A (ku|Bm) is the (Bm) component of uth eigenstate at
the point k. €, is the energy of the uth band at k; f,, is
the Fermi distribution function; H is the Hamiltonian;
and u ,(pBI) is the displacement of the atom at the S site of
the Ith cell.

In our calculation the Brillouin zone was partitioned

these k points are used to calculate the e-ph matrix ele-
ments which are assumed constant within each small
cube. The actual Brillouin zone sum depends on the sym-
metry of the phonon wave vector and use is made of
group theory to keep the calculation manageable.

B. Results

The phonon dispersion curves of a S-phase NiAl single
crystal with the stoichiometry 0.5061+0.002 Al have been
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FIG. 2. The total and partial electronic density of states of
B-phase NiAl.

recently measured by neutron scattering.?! A weak pho-

non anomaly was found in the lower transverse branch
along the [110] direction, which could not be reproduced
by fitting the results with Born—von Karman force mod-
els extending to third- and fourth-nearest neighbors.’!

We have used the Born-von Karman model to
represent the contribution of (Dy+D,) to the dynamical
matrix. We used axially symmetric force constants and
included interactions to the second shell for each atomic
pair (Ni-Ni, Ni-Al, and Al-Al pairs) to fit the measured
phonons. The force constants for (D,+ D) are listed in
Table I. Without including the e-ph interaction (D,) but
using the axially symmetric model, the fitted average
RMS error can be optimized to 0.19 THz and the calcu-
lated results are almost identical to those of Ref. 31. The
phonon anomaly in the transverse branch along [110]
direction cannot be reproduced. When the e-ph interac-
tions were evaluated and included in the phonon dynami-
cal matrix D,, the calculated phonon dispersion curve
displayed the phonon anomaly in the TA,[110] branch, as
shown in Fig. 3(a). There is an inconsistency in the litera-
ture in labeling this branch. We follow Refs. 4, 9, and 13
in labeling it TA,. It has a polarization vector along the
[1T0] direction. Phonon dispersion curves along the
[111] and [100] directions are also given in Figs. 3(b) and
3(c). The average RMS difference between the calculated
phonon frequencies and the measurement is about 0.15
THz.

The most prominent phonon anomaly of 3-phase NiAl
is the broad and shallow dip along the [110] direction,
which is stable even at low temperature. This is con-
sistent with the experimental finding that the [S-phase
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Nij soAly 5o alloy is stable and does not transform to
another phase at low temperature.!"!? It is different
from the phonon anomaly of the 3-phase of NiTi, which
exhibits a sharp phonon dip and a completely soft pho-
non at low temperatures.’3%37

We have also performed the calculations by evaluating
the Fermi distribution function in Eq. (2) at temperatures
of 1, 296, and 500 K. The higher temperature results in a

Frequency (THz)

Frequency (THz)

10 -
= 9 .
N o] G -~ --~- o o
T 84 STt E---ooo- C
> el
b =
S IS
=] o~ -—7¢
s 47 et
2 g
L s
2 g
PR
O - T 1 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

K/k L0

FIG. 3. The phonon dispersion curves of the S-phase NiAl,
along the three directions, [110], [111], and [100]. All the lines
are the calculated results and the symbols are the experimental
results (Ref. 31). Solid lines and circles represent the longitudi-
nal modes, dashed lines and triangles (or squares) the transverse
modes.
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TABLE I. The longitudinal (/) and transverse (¢) short-range axially symmetric force constants for
(Do+D) used in the Born-von Karman model for the S-phase of Ni-Al. The full dynamical matrix
also includes the long-range electronic interaction given by Egs. (1) and (2).

Coordination r (1) ()
Pair shell (A) (10* dyn/cm) (10* dyn/cm)
Ni-Ni Ist 2.8864 6.8243 —1.3819
2nd 4.0820 6.2983 —0.1671
Ni-Al Ist 2.4997 32.7441 0.0408
2nd 4.7866 1.2782 0.1659
Al-Al 1st 2.8864 20.2224 —0.5254
2nd 4.0820 3.0884 —0.4070

smearing of the Fermi surface, but does not account for
the additional smearing caused by the static and dynamic
disorder. The phonon frequency at the anomaly
q=0.5(1,1,0)7/a is reduced from 2.23 THz at 500 K to
2.19 THz at 1 K. The change of the phonon frequency
between these two temperatures is only about 1.8%. This
is quite small and changes in phonon frequency due to
other effects such as phonon-phonon interactions and lat-
tice expansion may well be larger. Another interesting
finding from the calculation is that the phonon dispersion
curves of the [B-phase NiAl will also have a phonon
anomaly in the TA mode along the [111] direction
around 0.55(1,1,1)m/a which should be measurable.
Another weak phonon anomaly in the LA mode along
the [100] direction near 0.6(1,0,0)/a is also predicted,
but may be too small and difficult to measure.

III. CALCULATIONS FOR B-PHASE
Ni, Al,_, ALLOYS

The Ni, Al,_, alloys undergo a martensitic phase
transformation for 0.60 <x <0.68 with the transition
temperature varying between 10 K < T,, <400 K.!"12 A
neutron scattering study found that the transverse acous-
tic phonon of Nig ¢,5Al, 375 along the [££0] direction ex-
hibited a marked, but incomplete softening at
§=L(2w/a), which was also temperature dependent.
The position of this phonon anomaly along the [110]
direction also depends on the composition, x. Increasing
the Ni concentration, the position of the phonon anomaly
shifts toward the zone center.!! A calculation for
Nig 635Alg 375 is difficult because the excess nickel will
randomly occupy Al sites and lead to some disorder,
making accurate first-principles calculations infeasible at
present. Even if the excess nickel atoms were ordered in
a superlattice structure, first-principles calculations
would be very difficult because of the need to consider
very large unit cells. Instead we have used a rigid band
model to trace the phonon anomaly and to offer some in-
sight into the effects of compositional changes. Because
the Ni Al,_, alloys used in the experiments were single
crystals with the same CsCl crystal structure, we start
with the same band structure, that of the [B-phase
Niy, soAlp 5o alloy. The Fermi energies will be different for
different compositions in these alloys since the number of
valence electrons will depend on x.

A naive application of the rigid-band model would as-

sign 10 valence electrons to Ni and 3 to Al, and the ex-
cess Ni would then raise the Fermi level above that of the
50-50 alloy. This does not work for explaining the shifts
in optical spectra as a function of concentration.?> The
3d electrons are highly correlated, and first-principles cal-
culations for other compounds containing Ni show that
Ni maintains a d-electron occupation very close to 9.0—
the same as for elemental Ni metal. It is therefore more
appropriate to consider the d° configuration as fixed
(corelike) so that each additional Ni atom only adds a sin-
gle valence electron to the rigid bands of the 50-50 alloy.
Thus the Fermi level is lowered as the Ni concentration
increases. This is consistent with the optical spectra,?
and gives a very reasonable explanation for the concen-
tration dependence of the phonon anomaly, as we de-
scribe below. Very recent KKR-CPA calculations which
do take into account the compositional disorder are in
substantial agreement with this picture.®

Using the rigid-band model as explained above, we
have calculated the e-ph interaction for the SB-phase
Nig 25Alg 375 by shifting the Fermi energy down 0.0218
Ry relative to that of the Nij soAly 5o alloy. Actually this
energy shift corresponds to Nij ¢Aly 4 if the d° con-
straint is strictly applied (the concentration dependence is
discussed later). Keeping the same short-range force con-
stants (Table I), the calculated phonons along the [110]
direction are shown in Fig. 4. From Fig. 4, it is seen that
the TA,[110] phonon has a very strong phonon anomaly
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FIG. 4. Phonon dispersion curves calculated at T=0 K cor-
responding to the S-phase Nij ¢,5Al, 375 alloy.
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and becomes completely soft near q=0.35(1,1,0)7/a.
The calculations were performed without regard for tem-
perature effects and are strictly speaking only valid for
T =0 K. Experimentally the dip in the TA, dispersion
curve becomes deeper as the temperature is lowered, but
the transformation takes place before the phonon fre-
quency goes to zero. This is in contrast to the case of
NiTi where there is a TA, phonon which does go soft be-
fore the actual martensitic transformation.’®*’” In previ-
ous calculations we showed that this phonon anomaly in
NiTi is also caused by Fermi-surface nesting and strong
e-ph coupling.’> The dramatic temperature dependence
of these anomalies can be associated with the smearing of
the nesting feature of the Fermi surface as T increases.
The disorder in the Nij ¢;5Al, 375 alloy will have a similar
effect as the temperature in smearing the Fermi surface,
thus the completely soft phonon in Fig. 4 near
q=0.35[1,1,0]7/a, will be hardened by the combined
effects of compositional disorder, thermal disorder (vibra-
tion of the atoms) and the thermal smearing of the Fermi
surface. A direct calculation including these effects on
the phonon frequency is extremely difficult. We have
therefore used a temperature smearing of the Fermi dis-
tribution to simulate all the disorder contributions. In
Fig. 5, a temperature of 1000 K has been used in the Fer-
mi distribution function to compare the calculated results
with the experimental measurement. The squares for the
lower branch are the TA, phonons measured at room
temperature, the triangles are the TA; modes, and the
open circles are the longitudinal acoustic phonons. The
solid lines correspond to the theory which shows that the
TA, phonons become stable, and only a marked phonon
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FIG. 5. Calculated phonon dispersion curves (solid lines) of
the B-phase Nij ¢,5Al, 375 alloy for which a temperature of 1000
K has been used in the Fermi distribution function in order to
simulate the effects of disorder in smearing the Fermi surface.
The symbols are the experimental results at room temperature.
Dashed line depicts the experimental results at T =85 K (Refs.
9 and 12).
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anomaly persists. The dashed curve shows the TA, pho-
nons measured at T =85 K,%!? just above the martensitic
transformation temperature. Note that we fit the
(Dy+D,) short-range force constants using all the pho-
nons measured at room temperature.

IV. DISCUSSION AND CONCLUSIONS

The Fermi-surface nesting which is responsible for the
TA,[110] phonon anomaly is shown in Fig. 6. The Fer-
mi surface in Fig. 6 corresponds to same electron occupa-
tion as used for the calculation of Fig. 4. The figure
shows the Fermi surface in k,-k, planes for three
different values of k, (0.25 7 /a, 0.38 7 /a, and 0.48 7 /a).
One of the nesting regions is indicated by the arrow, and
the others (related by symmetry) are obvious. In order
for there to be a peak in the generalized susceptibility
(and hence in D,) the nesting shown in the k,=0.387/a
plane must extend some distance perpendicular to the
plane. We find there is significant nesting extending be-
tween k,=0.257/a and k,=0.487/a. The generalized
susceptibility [Eq. (2) with no e-ph matrix elements] is
frequently calculated as a useful function for identifying
where in g-space phonon anomalies are likely to occur.
For nesting the susceptibility exhibits a peak, and this is
shown in Fig. 7. While the peak is not particularly
dramatic (the volume in the k space that is actually
“nested” is quite small), the peak together with very
strong transverse mode e-ph matrix elements is enough to
drive the already low frequency TA, phonons soft (at
least for the theory at T'=0 K). This is very similar to
the situation we encountered for NiTi.>?

The B-phase Ni Al,_, alloys for different concentra-
tion can be considered by shifting the Fermi energy in a
rigid band fashion as we have described. The position of
the anomaly, Q,;., of the TA, phonon along the [110]
direction for B-phase Ni, Al,_, alloys is given in Fig. 8.
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FIG. 6. The Fermi surface showing the nesting feature of the
B-phase Nig ¢ysAlg 375 alloy. The k,-k, planes with three
different values of k, (0.25 7/a, 0.38 7/a, and 0.48 7/a) are
shown, and the arrow indicates two nested surfaces.
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FIG. 7. Calculated results of the generalized susceptibility,
x(q), along the [110] direction, of the B-phase Nig ¢5Aly 375 al-
loy. Note the large “background.”

Here we determine the position of Q. ;. by identifying it
with the peak in the generalized susceptibility. The sus-
ceptibility can be calculated on a much finer ¢ mesh if e-
ph matrix elements are not required. We find that the
calculated position of the phonon anomaly has a linear
relation with the electron concentration as has been
found in the neutron scattering.!"!? It should be noticed
that the units of Q.. in Fig. 8 are m/a instead of 27 /a
which are used in reporting many experimental results.
We also note that if the one electron per Ni atom con-
straint for the rigid-band model were strictly applied then
the Ni 0.625 concentration would correspond to —0.5
valence electrons in Fig. 8 and the Q,;, would occur at
~0.37/a.

We are somewhat limited in our analysis by having to
assume a rigid-band model. However this model appears
quite useful since a number of features of the observed
phonon anomalies depend on the Fermi-surface nesting,
the existence of which suggests a long-range coherence in
the electronic structure. (As mentioned earlier, this has
recently been confirmed by KKR-CPA calculations.)
Since compositional and vibrational (thermal) disorder
both act to smear the Fermi surface, we have been par-
tially able to simulate these effects by using temperature
as a parameter in the Fermi distribution function. As
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FIG. 8. The calculated positions of the phonon anomaly,
Qmin> along the [110] direction as the function of the number of
valence electrons. (Zero corresponds to the pSB-phase
Nio s0Alp.50).

Figs. 4 and 5 demonstrate, the smearing of the nesting is
enough to stabilize the soft phonon. Since we perform
our calculations on a 7/(20a) mesh we are unable to be
extremely precise as to the position of the dip. The actu-
al lock-in of the wave vector to g, =(2/7,2/7,0)7 /a in-
volves higher-order terms in the energy vs displacement
relation than we have considered. Finally we note that
the possibility of compositional fluctuations in the -
phase Ni Al,_, alloys for 0.60 <x <0.68, could lead to
variations in the degree of the disorder for different re-
gions of the material. A region with less disorder could
result in the anomalous phonon going completely soft.
This region would then act as a nucleation center for the
phase transformation. This is similar to the idea of ‘“lo-
calized soft modes” as a response to defect strains.>’
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