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With the embedded-atom method we determine the normal vibrational modes of Ni,Al, _,, which displays
a martensitic transformation (MT) for 0.61=<x=<0.66. In the high-temperature phase the compositional dis-
order induces several bands of localized phonons that discontinuously delocalize at the MT. The analysis of the
phonon eigenvectors allows one to identify the atomic arrangements inducing localization. We show that the
modes associated with Ni-rich clusters can be used to monitor incipient lattice instabilities, and identify regions

with low barriers for nucleation of the martensite.

Waves’ localization is a universal manifestation of
disorder’ that has been intensively investigated for electrons,
photons, and phonons in random media. In the present
study we discuss phonon localization in Ni,Al;_, for
0.61=x=<0.66. At equilibrium, these compositions corre-
spond to inhomogeneous systems, segregating the NiAl (B2,
CsCl-type structure) and Ni; Al (L1,, CusAu-type structure)
ordered intermetallic compounds. By quenching from high
temperature, however, these alloys can be prepared in a
metastable, homogeneous phase, for which the B2 (austen-
ite) to L1, (CuAu-type) (martensite) transition occurs as a
martensitic transformation (MT) at a temperature T,, going
from ~0 K at x=0.61 to 400 K at x=0.66.2 Although
crystalline and homogeneous, these alloys present concentra-
tion disorder, as implied by their off-stoichiometry composi-
tion. The computations described below show that in the
high-temperature phase this induces several bands of local-
ized modes that discontinuously delocalize at the MT, with
the exception of a narrow band of high-frequency Al modes.
The analysis of displacement patterns allows to associate a
prominent localized band at 7.5 THz to Ni-enriched clusters.
We show that these modes manifest a latent local instability
of the lattice and identify favorable regions for the nucleation
of the martensitic phase. The picture emerging from our
computation has clear similarities with the nucleation mecha-
nism proposed by Clapp for ferroelectrics,? and already dis-
cussed in the literature for the Ni-Al alloys.** At variance
from what is assumed in this theory, however, our results
show that in Ni-Al the frequency of the localized modes does
not vanish at the martensitic temperature.

The interest in Ni-Al is motivated by the large number of
technological applications of these alloys, characterized by a
melting temperature above 1600 K, high-temperature
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strength and creep resistance, stability with respect to oxida-
tion. As a consequence, Ni-Al alloys have been the subject of
detailed experimental investigations on their structure, dy-
namical and mechanical properties, defects, and surfaces.®
The experimental information relevant for the present study
can be summarized as follows. For the composition consid-
ered here, the atomic arrangement is easily described starting
from the high-T phase where Ni completely fills one of the
two simple cubic sublattices of the CsCl structure and the
excess Ni atoms occupy random antisite positions on the
predominantly Al sublattice.” This ordered arrangement is
inherited by the martensite, being the MT diffusionless. The
phonon dispersion relations have been measured by inelastic
neutron scattering, and display an anomalous branch in the
[110] direction.® The low-energy dip in this branch (that
never goes soft) is a crucial factor for the MT, and its precise
position determines the structure of the product phase.’ Fi-
nally, particularlzl relevant is a very recent paper by Shapiro
and co-workers,> analyzing the behavior of this anomaly in
premartensitic Nig ¢55Alg 375 under uniaxial stress. The con-
nection between their measurements and our results is dis-
cussed in the conclusions.

We study the vibrational properties of Ni,Al,_, in the
framework of the embedded-atom-method (EAM),'® which,
although semiempirical, provides a reliable and globally ac-
curate description of these alloys. The details of the potential
and the results from an extensive set of tests of its reliability
are reported in Ref. 11. Here we remind the following points.
Our potential is constructed in order to reproduce the lattice
parameter, cohesive energy, bulk modulus, and zone bound-
ary phonons of the pure Ni and Al solids, as well as the
excess enthalpy of mixing for the intermetallic NiAl and
Ni;Al. For the intermediate compositions it provides good
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vibrational densities of states and elastic constants. It faith-
fully reproduces the MT, including the high sensitivity of
T)s on composition, and its behavior under uniaxial stress.

The configurational disorder is taken into account by per-
forming the computation for supercells containing N=1024
atoms. To check the scaling of localization with size, com-
putations for N=432 and N=1296 are also performed. Fol-
lowing the experimental evidence, we randomly distribute
the excess Ni atoms on the Al sublattice. Although the size of
the system is sufficiently large to provide a representative
model for the extended solid, we average our results over
four initial atomic distributions.

Temperature is taken into account by choosing the system
volume (both for the CsCl and L1 phase) according to the
quasiharmonic equation of state computed in Ref. 11. For
each composition, configuration, and temperature (i.e., vol-
ume) the atomic positions are accurately relaxed to the po-
tential energy minimum by a combination of molecular dy-
namics and quenches. Then, we compute eigenvalues and
eigenvectors for the normal vibrational modes by diagonal-
izing the dynamical matrix. All the computations have been
performed at the I' point of the Brillouin zone. The model
vibrational density of states compares favorably with the ex-
perimental one for the compositions and structures for which
this information is available.

The analysis of the eigenvectors shows that in the com-
position range 0.61<x<0.66, for both the austenitic and
the martensitic phases, the vibrational spectrum is divided
into two contiguous but almost nonoverlapping regions: a
low-frequency domain (up to 7.5 THz) for the modes of Ni,
and a high-frequency region (7.5—11 THz) for the light Al
atoms.

We discuss localization in terms of the inverse participa-
tion ratio:!?

M =

B (wq)|*
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where « labels the normal modes, i the atoms, and the
B(w,) are the mass-dependent, normalized eigenvectors of
the dynamical matrix. A delocalized mode is characterized
by 1p_1~l, while localization is indicated by peaks in
p
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The results for p~! of Nig ¢3Aly 3, in the CsCl structure
at T=470 K, i.e., 200 K above the MT, are displayed in Fig.
1(a). Three peaks are apparent in p~!: at 5.8 THz, at 7.4
THz, and at 11 THz. Although not visible on the scale of the
main figure, an additional small peak is present at ~1.6 THz
(see inset). We verified that changing the system size does
not modify the position of the peaks, while their amplitude
scales linearly with size.

Decreasing the temperature down to T,, changes only
slightly the picture above [see Fig. 1(b)]. A discontinuous
change, instead, occurs across the transition [see Fig. 1(c)]:
the localization peaks disappear at Tj, in the martensitic
phase, with the exception of the high-frequency band at 11
THz.
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FIG. 1. Inverse participation ratio in Niy ¢3Alj 37 at high tem-
perature in the CsCl structure (a), and at T, in the CsCl (b) and L1
(c) structures. In the inset in (b) p ! is plotted in an expanded scale
in the 1-2 THz range.

Before discussing the relation of localization and MT, we
characterize the atomic configurations associated with the lo-
calized modes. To this aim, we analyzed the atomic displace-
ments u%=B%/\M; (M; is the mass of the atom i) for the
modes whose p~! exceeds 10. By definition, few atoms dis-
play an appreciable displacement for these phonons. For
each of the localized modes we select the two atoms with the
largest displacement. For convenience, we shall refer to these
atoms supporting the localized modes as the “/ set.” We
characterize their local environment by identifying their first-
and second-neighbor shells. We distinguish stoichiometric
NiAl and NizAl regions, isolated Ni antisites in NiAl re-
gions, and pure Ni clusters. This analysis associates the peak
at 5.8 THz with isolated Ni antisites into NiAl regions. The
peak at 7.5 THz occurs at the junction of the Ni and Al
frequency domains. The Ni modes are associated to Ni-
enriched regions (either NizAl or Ni clusters), while the Al
modes belong to NiAl regions. The high-frequency localized
band at 11 THz corresponds to the Al modes in Ni;Al re-
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FIG. 2. Vibrational density of states for a disordered (a) and
ordered (b) Nig ¢3Alg 37 alloy. The shaded area in (a) corresponds to
the contribution to the DOS arising from the localized modes.

gions. This band, unaltered across T, is the simplest to
expect and interpret. It corresponds to localized optical
modes of a light impurity in a metal, and has several analogs
in other systems." In the following, we shall not discuss its
behavior, and concentrate on the low- and medium-
frequency bands. Finally, the small peak at 1.6 THz corre-
sponds to acoustic modes of pure Ni clusters.

The close relation of localization and composition fluc-
tuations is highlighted by the comparison with an ordered
Nij ¢25Alg 375 structure, prepared (following Fig. 1 of Ref.
14) by regularly replacing with Ni 1/4 of the Al in NiAl. The
vibrational density of states (DOS) of this artificial structure
is displayed in Fig. 2(b), and compared with that of the alloy
with random position of the excess Ni atoms [Fig. 2(a)]. The
DOS of these two systems display a clear similarity in the
position and amplitude of the peaks, with, however, an im-
portant difference. The DOS of the ordered structure presents
two gaps at 5.8 THz and 7.5 THz that are partially filled in
the alloy with disorder. The modes in the gaps are localized,
as apparent by comparison with Fig. 1 and confirmed by the
following construction: for each mode we project a “local
contribution” x=[1+(p~1)2)/[25+(p~1)?] that tends to
one as the mode becomes more localized. The DOS associ-
ated to this local contribution is represented by the shaded
area in Fig. 2(a), from which it is apparent that at 5.8 and 7.5
THz only localized modes are present, and only at these
frequencies the contribution of the extended phonons is neg-
ligible.

We now turn to the discussion of the relation between
localization and the MT. Clearly, the main localized bands
are not the driving force behind the MT, since their fre-
quency is too high, and, as shown by their positive Grun-

TABLE 1. Energy (e;), stress (o), and width W, of the shell
containing the 12 nearest neighbors for the Ni atoms in Nig g3
Al 37. First row: average over the Ni atoms supporting localized
modes (¢ set). Second row: global average over the Ni atoms in the
entire system.

e; (eV/atom) o' (kbar) Wi A)
/ set —5.32 =79.5 2.04
All Ni atoms —6.01 14.1 231
eisen parameter y;=—9 Inw;/dInV, they do not present

anomalies in approaching the MT. Moreover, the computa-

tion of the dynamical structure factor S(k,w) shows that in
the [110] direction, usually associated with the transition,
the contribution of the localized modes is moderate.

Despite these observations, the close relation of localiza-
tion and MT is apparent in the drastic effects of the latter on
the former, displayed in Fig. 1. A microscopic analysis of
potential energy, stress, and local structure shows that, in-
deed, the atoms supporting the localized modes present in
the austenite significant deviations from the average system
properties. More precisely, all the analyzed quantities show
that local modes characterize strained, high-energy regions,
that provide a favorable environment for the nucleation of
the martensite. The correspondence of instability and local-
ization is strongest for the band at 7.5 THz, associated with
Ni-rich regions.

Starting from the EAM expression for the cohesive en-
ergy

N

Ec=2 eiZE

i=1 i=1

N =

> ®(R'-RI|)+2X F;
JFEi i

(where @ is a two-body potential, and F; is the energy gain
in embedding the atom i into the valence electron distribu-
tion) we identify e; with the potential energy of the single
atom. In the austenite at T),, the average of e; for the atoms
in the / set is 0.7 eV higher than the global average. Another
indication of incipient local instability comes from the
atomic hydrostatic stress "), measuring a kind of local
pressure, and defined as the trace of 0'():"*

O gma S —t (R~ RI) Ry~ R}

a, B 3Vj¢i l;(R’a_R{Z) a a B B/
where V is the system volume, and a, B are Cartesian coor-
dinates. The global average of o(*) is zero, since the system
is at zero pressure. The subaverage over the / set, instead,
shows that these atoms are highly stretched with respect to
their optimal local configuration. For a homogeneous com-
parison, we report in Table I the average of e; and o for the
Ni atoms with the subaverage restricted to the Ni atoms in
the / set. Finally, we analyze the local structure by comput-
ing the distances in the first- and second-neighbor shells. At
and above T, the local structure is bcc-like for all the at-
oms, with, however, many indications that around the atoms
in / there are distortions anticipating the compact marten-
site. In Table I we report one of the many indices of this
distortion, i.e., the width of the shell containing the first 12
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neighbors. The average for the atoms in / is significantly
narrower than the global average, showing that an fcc coor-
dination is starting to develop around these atoms. Compu-
tations at T<T,, show that the deviation of the atoms in / is
significantly reduced in the martensitic phase.

Before summarizing our results and discussing the con-
nection with previous papers, we want to point out the pecu-
liarity of the peak at 1.6 THz. For these modes, we compute
a negative and large Gruneisen parameter; they contribute to

S(k,w) also along [110], and are associated with atoms
with high energy, high stress, and significant local distortion.
For these reasons, we always considered these modes in our
discussion, despite their moderate localization.

In conclusion, we have shown that compositional disorder
induces several bands of localized modes in the high-T phase
of Ni,Al, ., (0.61=x=<0.66). Localization discontinuously
disappears across the MT, with the exception of highly local-
ized, optical modes of Al at 11 THz. The analysis of atomic
displacements allows us to associate each band to specific
local fluctuations in composition. Particularly relevant for
our discussion are the modes at 7.5 THz associated with
Ni-rich regions. The analysis of local properties shows that
these modes characterize regions of high energy, high stress,
and local deformation pointing to the compact L1 phase,
that, therefore, provide favorable nucleation sites for the
martensite.

Our observation has a clear relation with the localized soft
mode (LSM) picture of Clagp,3 reproposed in the case of
Ni-Al by Zhao and Harmon.” This theory has been recently
tested by Shapiro and co-workers, with a measure of the
phonon dispersion relation along the [110] direction.’ The
effect of the internal stress characterizing regions of compo-
sition fluctuation has been simulated by an external stress in
the [001] direction. Both the frequency and k£ dependence of

the dip in the transverse phonon branch support the predic-
tions of the LSM model.

Our computation provides microscopic evidence for the
association of localized modes and incipient local instability
of the austenite, and, in this respect, supports the theory by
Clapp. Our results, however, highlight also an important dif-
ference, since they show that in Ni-Al alloys the frequency
of the localized modes does not vanish at the transition. A
direct role in the transformation is likely to be played by the
modes at 1.6 THz, associated with pure Ni clusters. They are
at low frequency, have a negative Gruneisen coefficient close
to Ty, and have a relevant weight in the [110] direction of
the reciprocal space. The size of our systems prevents a di-
rect investigation of nucleation involving Ni clusters of real-
istic size. However, it is conceivable that in macroscopic
samples of Ni Al,_, (whose inhomogeneity is notorious),
highly enriched Ni regions occur with sufficient frequency to
provide the ~10° nuclei/cm® measured in experiments,®
and that the modes at 1.6 THz correspond indeed to the
“nearly soft”” modes required by the LSM model.

The localized bands at 5.8 THz and 7.5 THz do not soften
going toward the T),, and their frequency is too high to
suggest a direct role in determining the transition. However,
also these modes identify unfavored regions in the austenite
phase, already presenting local distortions anticipating the
martensite. These modes are, in fact, the vibrations of Ni-rich
clusters that do not participate in the vibrations of the sur-
rounding solid because of the high stress characterizing the
clusters. These regions provide additional and abundant sites
for the nucleation of the martensite.

We are grateful to S. de Gironcoli and R. Gotthardt for
useful discussions and a careful reading of the manuscript.
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FIG. 2. Vibrational density of states for a disordered (a) and
ordered (b) Nig 43Aly 37 alloy. The shaded area in (a) corresponds to
the contribution to the DOS arising from the localized modes.



