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Phonon anomalies and elastic constants of cubic NiAl from first principles
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The phonon dispersion relation of NiAl in the culB2 structure is calculated using first-principles density-
functional perturbation theory with pseudopotentials and a plane-wave basis set. Anomalies are present in
acoustic branches along three major symmetry directibrX; I"-M, and I'-R, with the positions being in
excellent agreement with experiment. Analysis of the Fermi surface and the generalized susceptibility shows
that these are Kohn anomalies. Overall, the computed phonon frequencies significantly decrease with increas-
ing lattice parameter. This unusual sensitivity is attributed to a two-dimensional van Hove singularity in the
electronic density of states near the Fermi level. The phonon dispersion is compared withBRatidi, and
the origin of phonon anomalies in the high-temperature phase is found to be different in the two systems.
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I. INTRODUCTION tensitic transformation for x from 0.60 to 0.¢Ref. 5). Us-

Active materials, such as piezoelectric oxides and shapdd inelastic neutron diffraction, the phonon dispersion of

memory alloys, have been the subject of intensive investiga‘?‘"c’%/S with 0.5<x<0.65 _havz)beer;wstrdied r?nldlandanomaly
tion due to their favorable electro- and thermo-mechanical? the transverse acoustic fAranch along th¢110] direc-

properties. Ni-based shape-memory alloys including NjTi,ton has been observed. Close examination of phonon disper-
Ni Al,_, and ferromagnetic MMnGa have attracted particu- sion of stoichiometric NiAl reveals weaker anomalies also
X —X1

lar attention because they have been shown to be quite usefgfiSt in [100] and [111] directions The position of the
in the design of mechanical actuator deviédhe “active” anomaly shifts towardF asx increases in this range. At the

character of these systems is connected to a reversible maame time, the elastic constarit associated with the long

tensitic transformation. The phonon dispersion of the high_vvavelength (9~0) limit of the TA, mode, is lowered

. 5 - i
symmetry high-temperature phase generally exhibits anoméj-;?gﬁ:'gaggcrelgsteze trhaengire/h?;gfftx /;('1641’ g)s ;Z?t;irsn
lous softening, localized in reciprocal space, in one or mor v th . G q 3,3, oo
acoustic phonon branches, and particular elastic constan ubsequent y, there s a first-order transition to an interme-

. . ’ ate monoclinic R “sevenfold” premartensitic structuré’
may in addition show strong temperature dependence. As ﬂ‘ﬁ

: - hich at still lower temperature undergoes a further transi-
temperature decreases, these can lead to instability of tq n to the tetrogonal B structure 11

high-temperafcure_ structure, often qbserved to be_ preempte Eighteen years ago, ShapieoalS proposed that the pho-
before softening is complete by a first-order transition to the,on anomaly in th¢110] TA, branch is of electronic origin.
lower symmetry martensite phase. ~ Subsequently, it was suggested that the key ingredient is the
Two different mechanisms by which phonon anomaliesFermi surface nesting at the wave vector of the anofaly.
can develop in shape-memory alloys have been proposetgheoretical analysis requires relating the elastic constants,
The first is related to the geometry of the Fermi surfacethe phonon dispersion, the electronic structure, and the
leading to a so-called Kohn anoma&lyn this case, the per- strain. The electronic origin of the anomaly in cubic NiAl
turbation potential due to atomic displacements at a particuwas supported by the semiempirical analysis of Ref. 13,
lar wave vectorq is strongly screened by low-energy elec- which used the Varma and WeBepproach to decompose
tronic transitions from occupied states latto unoccupied the dynamical matrix into short-range and band structure
states ak +q. The strength of the anomaly depends on thecontributions. The latter, fit to first-principles linear combi-
phase space for such transitions, which is large when sheet&tion of atomic orbitals band structure results, were shown
of the Fermi surface are nested lay Alternatively, an to be responsible for the anomaly through nesting of portions
anomaly may be produced by large values for the relevantf the Fermi surface in the seventh band. This contribution
electron-phonon matrix element$Gooding and Krumhansl also produced anomalies in acoustic branches along other
have argued that the coupling of the anomalous phonon tdirections including I'-X and TI'-R. Naumov and
strain is a key element in describing its relationship to theVelikokhatniy*? argued that the softening of the elastic con-
low temperature phageUsing Laudau theory, they proposed stantc’ also has an electronic origin related to the presence
that phase transition can occur via incomplete softening of @f a two-dimension van Hove singularity in the electronic
phonon branch(nonzero frequency or not even close to density of states below the Fermi level. Using linear muffin-
zerog, strong anharmonic interaction between this phonortin orbital (LMTO) calculations of the density of statesB2
and strain can still lead to a first-order phase transition.  NiAl, they obtained the electronic contribution to the elastic
The extent to which these mechanisms are relevant cagonstantc’ and found that as the separatigixsr—ec be-
only be determined by a detailed study of the material oftween the Fermi level and the energy of the 2D van Hove
interest. Here, we consider stoichiometric NiAl. TB@hase singularity decreases, tH&10] TA, phonon branch under-
structure of NjAl,_, alloys is well known to exhibit a mar- goes an overall softening.
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It is worth noting that another shape-memory alloy, NiTi, lytic tetrahedron methotf with no artificial broadening
has the sameB2 structure in high temperature and alsotechnique involved. The whole BZ is divide by 5®0
shows a TA anomaly alond110] direction. The simularity x50 regular mesh along the, k,, andk, axes, correspond-
of the TA, phonon anomalies in both alloys led many inves-ing to 15 625 tetrahedra in the irreducible BZ.
tigators to conjecture that these anomalies have the same Two different approaches were used to calculate the elas-
origin1314 It is of particular interest to clarify this from a tic constants of NiAl. Elastic constants obtained by calculat-
detailed first-principles study. In this paper, we report a fullying the energy change associated with small deformations of
first-principles investigation, with calculations of the elasticthe unit cell are refered to as “static” elastic constants. A
constants, the phonon dispersion, and the electronic structug®x 20X 20 Monkhorst-PackMP) k-point mesh and tetra-
of B2 NiAl, and the coupling to strain. In Sec. Il. we specify hedron method were used in the total energy calculations.
the technique used in the first-principles calculations. In SecThe following deformation matrices are constructed to evalu-
[ll, we present the computed structure, elastic constants, arate B, ¢, andc,,, respectively,
phonon dispersion of NiAl. The nature of observed anoma-

lies are then investigated by analyzing the Fermi surface and 1+e 0 0
the generalized susceptibility. A comparison of the phonon 0 1+¢ 0 |, (2
anomalies in NiAl with those in NiTi is made. A 2D van 0 0 1+e
Hove singularity is identified in the electronic density of
states, and this feature is proposed as the main origin of the 1+ 0 0
sensitivity of the computed phonon frequencies to the lattice 13
parameter. We conclude the paper in Sec. IV. 0 (1+e 0 ' 3
0 0 (1 +€ -2/3
II. COMPUTATIONAL DETAILS 1 e €

First-principles calculations of the structural energetics of e 1 €l (4)

B2 NiAl were carried out within density-functional theory c e 1

with a plane-wave pseudopotential approach. Phonon eigen-
frequencies and eigenvectors throughout the Brillouin zone Pparticularly, we haveéEngez, 5E:§c’ez and SE

(BZ) were obtained using density-functional perturbation=6c,,e? corresponding to the above three matrices.

theory!® The calculations were performed with tirevscr Alternatively, elastic constants can be obtained from the
and PHONON codes'® using the Perdew-Zungd€rparametri-  slopes of the acoustic phonon branches in the long wave-
zation of the local-density approximatiahDA). Ultrasoft  |ength limit, refered to as “dynamical elastic constants” in
pseudopotentiatd for Ni and Al were generated according to this paper. In the cubic structure, all three elastic constants
a modified Rappe-Rabe-Kaxiras-Joannopoulos schemecan be determined from the slopes of the three acoustic
with three Bessel functior®. The electronic wave functions pranches alond’-M:2 cy,=pw?, /K%, ¢'=pw3,/K?, and ¢,

were expanded with a plane-wave basis set with a kineti&pwf/k{ wherec’ =(Cy;—C19)/2, ¢ =(C11+Cqp+ 204,/ 2, and
energy cutoff of 30 Ry. The augmentation charges were ex-

panded up to 480 Ry. The BZ integrations were carried out tag| E | Lattice parameter(in a.u) and elastic constants

by the Hermite-Gaussian smearing technfquesing a 20 (x10'2 dyn/cn?) of B2 NiAl. The computed values are denoted by

X 20X 20 Monkhorst-PackMP) k-point mesh(correspond-  pw, The PW value of lattice parameteris=5.328 a.u., comparing

ing to 220 k-points in the irreducible BZThe value of the o the experimental value of 5.455 a(®ef. 24; the corresponding
smearing parameter was=0.01 Ry. These parameters yield elastic constants were computed at both theoretical and experimen-
phonon frequencies converged within 1%. The phonon fretal lattice constants using Eq&2)—4) or slopes of three acoustic
guencies were calculated alodgX, I'-M, andI'-R direc-  phonon frequenciegn parenthesgs The (USPE values of elastic
tions for theg-points that are commensurate with thg@oint  constants were determined by ultrasonic pulse-echo method at
mesh. This gives 11 points along each direction. A spline fi298 K (Ref. 8 while the (NS) values of elastic constants were
was used to plot the phonon dispersion curves; the interpadetermined by the slopes of measured acoustic phonon frequencies
lation method based on computation of real-space force corfrom Ref. 6 at 296 K. Only three of the elastic constants are
stants require a very densemesh for metals with phonon independent.

anomalies, which is numerically very expensive and there=

fore not used in this work. PW PW USPE NS
The generalized susceptibility of noninteracting electronsao 5328 5 455
20 [1-f(en kaq)] B 1.87 1.50 1.58 1.451
xX(@) =73 2 flenk) R @ ¢ 2.36 1.89 1.99 1.968
(2m) nn’ k €n’ k+q ~ €nk

e Ci» 1.67 1.31 1.37 1.192

was chosen to quantify the nesting features of Fermi surface,, 1.40(1.36 1.07 1.16 1.1
where () is the volume of the unit cellf(e) is the Fermi- ¢ 3.42(3.3) 294 284 268
Dirac distribution function and is thenth band energy at ./ 0.35(0.43 0.29 0.31 0.388

k. This function was calculated using the highly precise ana
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FIG. 1. Phonon dispersion for NiAl in thB2
structure withay=5.328 a.u(solid lineg and ay
=5.455 a.u(dotted line$ along three high sym-
metry lines in the simple cubic BZ. Filled
diamonds indicate neutron scattering data from
Ref. 6. Insetted figure is phonon dispersion for
NiTi in the B2 structure along110] direction,
which is feathered by a dominant lattice instabil-
ity at M point.

p is the mass density. Under harmonic approximation, the Close examination of Fig. 1 shows the presence of

two approaches will give the same elastic constants.

anomalous dips in the transverse acou§kis) branch along

I'-M and I'-R directions and in the longitudinal acoustic
(LA) branch along thé’-X direction. The positions are con-

IIl. RESULTS AND DISCUSSION

sistent with the anomalously low values for experimental

phonon frequencies in those branches. To find out whether

The first-principles lattice parameter d82 NiAl is
5.328 a.u., which is 2.4% less than the experimeiitdl

the anomalies have an electronic origin, we need to know the
electronic band structure of NiAl. The band structure of cu-

298 K) value of 5.455 a.uRef. 24 To understand the origin - i Nial along high symmetry lines in the simple cubic BZ
of this rather large discrepancy, we performed full-potentialig shown in Fig. 2. NiAl contains 13 valence electrons per

linearized-augmented-plane-wave calculationiELAPW)

unit cell with only the sixth and seventh bands being par-

with both the LDA and the generalized gradient approxima+jq|ly occupied. The band structure is characterized by a wide

tion (GGA).?> Our LDA pseudopotential result is only a|s-p pand, intersected by narrowbands associated with

slightly smaller than the FLAPW LDA result of 5.359 a.u. nj and located about 2 eV below the Fermi level. This result
The lattice parameter given by FLAPW GGA is 5.476 a.U.,is very similar to that of the full-potential LMTO result in
which is larger than the experimental value by about 0.4%pReaf 12.

The underestimation of the equilibrium lattice parameter is  The calculated generalized susceptibili§yg. (1)] along

therefore mainly attributable to the

approximatior?®

: e local-density r_x 1-\M, andT'-Ris shown in Fig. 3. A peak is observed in
Unless otherwise mentioned, the first- gach of the three directions. Detailed analysis of the partial

principles lattice parameter is used throughout this paper. contributions indicates that the peaks are due to seventh to
In Table I, we present the structure and elastic constantgeyenth electron transitiorimtraband transitions shown as

of B2 NiAl as computed from first principles, with corre- gotted lines in Fig. 3; the remaining contribution to the sus-

sponding experimental values. The calculated values are geggpyibility, shown as dashed lines is fairly wave vector inde-

erally in good agreement with experiment. Systematic OVelpendent. The nesting vectors are determined to be

estimation of elastic constants is expected from the use of th%/a(0.3,0,0, 7/a(0.27,0.27,0, and 7/a(0.25,0.25,0.25

theoretical lattice parameter, so that the near exact agreem
of ¢’ should be considered fortuitous. A better agreement ég

hich correspond well to the positions of the anomalies. The
ortions of the calculated Fermi surface due to the seventh

elastic constants is obtained when experimental lattice consonq in the planes parallel t&XM with 0.1(27/a),

stant is used. It should be noted tlcatis much less than,,,
which lowers the accuracy to which it can be determined,
and reflects the large elastic anisotropy of this system. Both
calculated and experimental results show that the elastic con-
stants computed with the two approaches are reasonably con-
sistent.

The full phonon dispersion d82 NiAl has six branches:
three acoustic and three optic. The calculated phonon disper-
sion curves of NiAl along three high-symmetry lines of the
simple cubic BZ,I'-X, I'-M, andT'-R, are shown in Fig. 1
along with that experimentally measured by neutron scatter-
ing. The calculated result is in excellent agreement with the
experiment for the acoustic branches, while the optic
branches appear to be uniformly slightly shifted in fre-
quency. All phonons have?= 0 which is consistent with the
fact that NiAl in theB2 structure is experimentally observed
to be stable down to low temperature.
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FIG. 2. Calculated band structure for NiAl in the simple cubic
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0.3(27/a), and 0.%27/a), are shown in Fig. 4. The nesting approaches the 3D van Hove singularity the phonon fre-
feature can be clearly seen in the Fermi surface with quency squared gains the nonanalytical past(q), which
=0.32w/a). The phonon anomalies under discussion areexists at one side of the Fermi surface topology changes.
therefore identified to be of the Kohn type. Our results conFrom a physical point of view, it is clear that 2D singularity
firmed the validity of the previous semiempirical analysis of€ffects inw*(q) are much stronger than the 3D one. As was
the dynamical matrix by Zhao and Harm&The positions ~Shown by Vaks and Trefilof, in the case of 2D singularity
of the anomalies are in good agreement with their results. the long wavelength behavior of the singular part becomes
It can be seen that the calculated phonon frequencies ifo’(q) ~In|7|, where7 is the separation between the Fermi
Fig. 1 are systematically larger than experiment, the effectevel and the energy of the 2D van Hove singularity. More-
being especially pronounced for the optic branches. As foPVer, the entire phonon dispersion curves gain the critical
the elastic constants, at least part of this difference might beontribution 8»*(q) ~ én(ep) along the g-lines parallel to
attributed to the underestimated theoretical lattice constanthose along which electron bands have no dispersion. In the
We recomputed the phonon dispersion using the experimeiAl alloy there are two lines of this kind:100] and[110].
tal lattice parameter of 5.455 a.(shown as dotted lines in One may expect especial softening«{q) along these lines
Fig. 1). This change in the lattice parameter of 2.4% result$s the paramet¢r;| approaches to zero. It is easily seen from
in reduction of about 15% in the phonon frequendisse  Fig. 5 that as the lattice parameter increases the Fermi level
Table Il). In fact, the effect is so large as to result in anapproaches the peak in the DOS. However, this effect is
underestimate of the phonon frequencies. Since the elastf@ther weak in NiAl,_, with different Ni concentration since
constantsg,, ¢, andc,, are proportional to squares of the the change of lattice constants is less than 1% iagreases
slopes of acoustic phonons alofigM in the long wave- from 0.5 to 0.625. What happens in reality is that the sub-
length limit, it is clear that the elastic constants are sensitivéitution of the Ni for Al leads to a change in the number of
to the lattice parameter in this alloy. conduction electrons and therefore the Fermi lgf@ more
The anomalies present at the theoretical lattice parametéletails see Ref. )2 As x increases, the Fermi level ap-
are essentially unchanged in wave vector and strength by thgroaches the van Hove peak and all elastic constants soften.
expansion. This is consistent with a Kohn character of thddut among the others the constant’(x) softens
anomaly, as the Fermi surface is not expected to change sigFamatically—by a factor of 2.2, 10, and 14 from different
nificantly. The overall phonon softening can be shown toauthors’=® This is due to the fact that the elastic constent
have an electronic origin associated with features in the ocis directly related with the transverse acoustic mode, TA
cupied electronic density of statd30S). In Fig. 5, we show along[110Q] direction.
the total electronic DOS in the vicinity of the Fermi level for ~ When uniaxial-stress is applied to NiAl along th@01]
the two different lattice parameters. The DOS is characterdirection, the initial van Hove peak in DOS splits into two
ized by a peak below the Fermi level, which can be identifiedpeaks? one of which moves away from the Fermi level
as a 2D van Hove singularity, as explain below. Since thevhile the other approaches it. Analysis shows that this will
XM line is the intersection of two symmetry planes, i.e.,lead to overall softening in the TAalong[110] but not along
XMRM and XMXT, transverseéperpendicular toXM) elec-  [011]. Therefore, one may expect significant softening in
tron velocities are zero. The fact also holds for ¥R line,  elastic constant associated with the TA[110], but not
which is the intersection of another two symmetry planeswith ¢ associated with the TA[101] (or [011]). To check
i.e., XRMI' and XMRM. Due to the hybridization of Ak the validity of this analysis, we performed the calculations
-p and Nid electrons, the bands along, tK& andXRlines  on tetragonal-distorted structure with volume being con-
are rather flat below the Fermi level, therefore, the correstrained to the cubic one. Our results show that wbkmnis
sponding van Hove singularity gains 2D charagfer more  changed to 0.98, the “dynamic” elastic constelnidecreases
details see Ref. )2 20% (') while ¢| has almost no change, which is in agree-
It is well known that usual 3D van Hove singularity in ment with the experimertf
DOS effects the phonon frequencies for long wavelength Figure 6 shows TA phonon branch is dramatically af-
limit. It was shown in many workd that as the Fermi level fected by tetragonal distortion while the position of anomaly
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FIG. 4. Portions of the Fermi surface of the seventh band@®for
NiAl: (a)—c) in the planes parallel td"XM with 0.12n/a),
0.32w/a), and 0.%527/a) in the extended BZ, respectively, a(d)

3D Bz with a cutting plane. The shaded regions correspond to

occupied states and the arrow lines denote nesting vectors.

is almost unchanged. This suggests the interaction between
the ¢’ (uniaxial strain and TA, phonon is large in this sys-

tem.

PHYSICAL REVIEW B 70, 064301(2004)

TABLE 1l. Computed phonon frequenciém THz) of B2 NiAl
with ag=5.328 a.u. ana(l):5.455 a.u. at the high symmetry points,
comparing with the experimental results from Ref. 6.

1

Label ER a exp.
I's 0 0 0
I'is 9.353 8.074 8.60
Xg: 5.317 4.699 4.78
Xy 6.472 5.648 6.05
Xs 8.345 7.354 7.72
X1 11.599 10.181 -
Mg, 4.052 3.554 4.00
My 6.014 5.270 5.60
My 8.118 7.173 7.82
Mg, 11.059 9.566 10.50
Ris 5.290 4.439 4.96
Rys 10.479 9.239 9.80

analogous to theR-phase in the NAI,_, system. This simi-

lar behavior of the TA phonon modes in these two alloys
led many investigators to think that their experimentally ob-
served anomalies are of the same nature, i.e., the Kohn type.
Our calculations suggest, however, the phonon anomaly in
the NiAl system is related to the local geometry of the Fermi
surface and the strong interaction between stfain and
TA, phonon will not change the position of anomalies. But it
is not necessarily to be true in the NiTi system. Indeed, our
previous investigation on NiTi shows phonon dispersion is
feathered by a dominant lattice instability at thk point3°
shown as the inset in Fig. 1. The distorted structure produced
by freezing a particular choice of the unstable, eigenvec-

tor into the reference cubic structure yields an excellent ap-
proximation to the observed ground-stBE9’ structure. The
stability of high-temperatur®2 structure is due to anhar-
monic phonon-phonon interactions and the phonons in the

60 : ,

E;

— a0=5.328 au.
- a0=5.545 au.

@ 40

>

<

L

8

R

1)

K20

) 1 .
(-)0.1 -0.05 0

It is of particular interest to compare phonon dispersion of Energy (Ry)

NiAl with that of NiTi, which likewise has @82 structure in
high temperature and also shows a,lghomaly alond110].
Moreover, under cooling the TAphonon condenses at 3a
[110) bringing into existence the so-call®phase, which is

FIG. 5. Total DOS oB2 NiAl in the vicinity of the Fermi level
with lattice parameters 5.328 a(solid line) and 5.455 a.udotted
line). The Fermi leveEg is taken as the zero of energy in each case.
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8 T T T branch in NiTi a bit different than that in NiAl. However, our
work suggests that this effect is rather weak in NiTi. The dip
in the TA, phonon modes forms at/3a [110], which is the
case proposed by Gooding and Krumhafs|.

IV. CONCLUSIONS

In conclusion, we performed first-principles calculations
of the structure, elastic constants, and phonon dispersion of
NiAl in the cubicB2 structure. Anomalies observed in one of
the acoustic branches along three major symmetry directions
are found to be due to Fermi surface nesting, and thus can be
classified as Kohn anomalies. The high sensitivity of the
phonon dispersion to the Ni concentratiaiasie to number
of conduction electronscan been explained by a corre-

0 0.25 0.5 sponding sensitivity of the electronic density of states due to
2m/ay(CC0) a 2D van Hove singularity near the Fermi level. The phonon
dispersion of NiAl is further compared with that BR NiTi,

FIG. 6. Calculated acoustic phonon frequencies of NiAl alongand the different origin of phonon anomalies in two systems
[11Q] direction. Solid lines and dashed lines represent undistorteis revealed.
and volume-conserving tetragonal-distorted structa=0.98),
respectively.

Frequency (THz)
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