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First-principles study of lattice instabilities in ferromagnetic Ni,MnGa
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The phonon-dispersion relations and elastic constants for ferromagngiim@®a in the cubic and tetrago-
nally distorted Heusler structures are computed using density-functional and density-functional-perturbation
theory within the spin-polarized generalized-gradient approximation. Fer@#<1.06, the TA transverse-
acoustic branch alonf110] and the symmetry-related directions exhibit a dynamical instability at a wave
vector that depends azfa. Through examination of the Fermi-surface nesting and electron-phonon coupling,
this is identified as a Kohn anomaly. In the parent cubic phase the computed tetragonal shear elastic constant,
C'=(C1;—Cyp/2, is close to zero, indicating a marginal elastic instability towards a uniform tetragonal
distortion. We conclude that the cubic Heusler structure is unstable against a family of energy-lowering
distortions produced by the coupling between a uniform tetragonal distortion and the corresgdridihg
modulation. The computed relation between tiia ratio and the modulation wave vector is in excellent
agreement with structural data on the premartensitia€1) and martensitic ¢a=0.94) phases of
Ni,MnGa.
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. INTRODUCTION planes in thg 110] direction with a periodicity of almost five
interplanar distances, which corresponds to a wave vector
Ferromagnetic shape-memory alloys displaying largey,,~(21/a)(0.43, 0.43, D (Refs. 4,6. The low-temperature
magnetic-field-induced strain have recently emerged as martensitic phase has a high magnetocrystalline anisofropy,
new class of active materials, very promising for actuatoimaking it useful for applications. At a phenomenological

and sensor applications. The largest known magnetostrajgvel, the coupling between strain, modulation, and magneti-
effects have been observed in,NMinGa-based Heusler al- zation has recently been described in a Landau-theory

loys, where up to 6% and 9.5% strains have been induced byamework®

a magnetic field less than 1'F. Some clues to the microscopic origin of the martensitic
The magnetic shape-memory behavior is closely linked tqransitions are provided by the softening of particular
the occurrence of a martensitic transformation in conjunctiorphonons and elastic constants. Inelastic neutron-scattering
with a strong magnetocrystalline anisotropy of the low-experiments on the high-temperature phase found a signifi-

temperature martensitic phase. For a deeper Understanding@gnt’ though incomp|ete’ Soﬂening in theifphonon branch

the magnetic shape-memory mechanism, a microscopic eX¥jong the[110] direction, at a wave vectogpy~ (2/a)
planation for the origin of the martensitic transformation and(p 33, 0.33, p(Ref. 3. The phonon softening has been found
the magnetocrystalline anisotropy is clearly needed. Towardg, correspond to a premartensitic phase occurring between
this goal, we have useab initio techniques to investigate the the high-temperature cubic and low-temperature martensitic
origin of the martensitic transformation. structures. The premartensitic phase has a cubic structure

Ni,MnGa is the most intensively studied of the relatively with a superimposefi110]-transverse shuffling modulation,
few known ferromagnetic shape-memory materials. A NUmManalogous to the modulation of the martensitic phase but
ber of thermal and stress-induced martensitic transformationgith a different periodicity of almost six interplanar
have been observed in MinGa-based alloys, and both tran- distances. While the PM phase is anticipated by a precursor
sition temperatures and crystallographic structures are quitghonon softening atlpy, No phonon softening aty, has
sensitive to alloy composition. been observed abovi, .

In the stoichiometric alloy NMnGa, which is ferromag- The aim of this study is to provide a unified explanation
netic belowT~380 K, two thermally induced phase tran- for the microscopic origin of the rich variety of phase tran-
sitions have been observed. From the high-temperature cubgitions and modulated structures occurring in this ferromag-
Heusler structure, a premartensitic phase transformation to metic shape-memory alloy. To this end we have performed a
modulated cubic structure occurs beld@w,~ 260 K3* fol- first-principles study of the phonon dispersion of cubic fer-
lowed by a martensitic transformation to a modulated tetragromagnetic NiMnGa and its dependence on uniform tetrag-
onal structure below,~ 220 K.° The low-temperature mar- onal strain. The presence of unstable phonons and anoma-
tensitic phase has a tetragonal structuraE0.94a  lously low elastic constants in these high-symmetry
=5.90 A) with a superimposed incommensurate modulatiomeference structures is taken as predictive of phase transitions
along the[110] direction, consisting of a shuffling dfl10  to low-temperature distorted Heusler structures and strong
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temperature dependence for these quantities. In our calcula- o ,

tions we use the spin-polarized generalized-gradient approxi- "-/ _/)' .@

mation (0-GGA) recently developed within the density- C . . O

functional-perturbation theory(DFPT) formalism® This P »

approach allows us to obtain an accurate description of the = i ./

structural, magnetic, and vibrational properties ofNihGa. N l=l=l=
The paper is organized as follows. The details of the com- f\'?— ch —— ()o

: : . ]

putational method are given in Sec. Il. In Sec. lll we present . O .

the results for the cubic Heusler structure. The crystal struc- 7~ !— )

ture and magnetization are discussed in Sec. Il A. Sec. IlIB «-— T

is devoted to the phonon dispersion, with particular attention ,_) =|” (,)

to the phonon anomaly and related dynamical instability. The \‘ ) ’

origin of the phonon anomaly is discussed in Sec. Il C. The (/ ' Q

computed elastic constants are presented and discussed in

Sec. llID. In Sec. IV we investigate the dependence of the FIG. 1. The fcc L2 Heusler structure of NMnGa. The small
phonon dispersions and lattice instabilities on uniform tetrag€ircles, large open circles, and large filled circles represent Ni, Mn,
onal strain. In Sec. V the main results are summarized an@"d Ga. respectively.

the microscopic origin of the observed phase transitions ex- ]
plained. the anomalous TAphonon branch, a smaller smearing pa-

rameter is necessary and, consequently, a fingoint sam-
pling. An accuracy to within a few cit has been obtained
Il. COMPUTATIONAL METHOD usingo=0.01 Ry and a fc€10, 10, 10 K point grid, yield-

Our calculations have been performed within the frame-ing 110k points in the IBZ, for the cubic structure. For the

work of density-functional and density-functional- tetragonal structure, &8, 8, 8 k point grid yielding 144k

perturbation theory. In particular, the vibrational properties\?vcggtjs'gdthe IBZ of the face-centered orthorhombic unit cell

have been computed using a recent implementation of ultra- We studied the lattice-d ical " ina DEPT
soft pseudopotentials into DFPY.Pseudopotentials were € studie € lattice-dynamical properties using !
vith which the dynamical matrix at any point in the Bril-

used to describe the interaction between ionic cores and va- . .
ouin zone(BZ) can be directly computetsee Ref. 18 for

lence electrons. For Ni and Mn we used uItrasoftf Il details. T he full oh di . f th
pseudopotentiats that were generated as described in Refs!U!! detal 9. To compute the fu phonon dispersions of the
ubic structure, we computed the interatomic force constants

12,13, respectively, using as reference configurations the al . : . ;

electron atomic configurationdNe]3s,3pg3dg4s;, for Ni, y Fourier transformatlpn Of. the dynamical matrices com-
and[Ne]3s,3pg3ds4s,, for Mn. The 3 and 3 electrons p_uted on 46, 6, § g point grid in .the TCC BZ. The phonon
were frozen in the core whiledBand 4s were included in the dispersions along the 10| ([011]) direction was obtained by

valence. The scattering properties in the range of energies Hfterpolatlng the dynamical matrices computed on a finer
the occupied states and of the empty gtates of Ni and Mn mesh of 24q points betweer” and the s_hortgst reciprocal-
were accurately reproduced by construction. The nonlineapPace vector parallgl to tHa10] ([011]) d|_rect|on. An_eyen
core correction is used to account for the overlap between thgc1S€" mesh of points has been u_sed n th_e proximity of
core and the valence chargésFor the Ga atom we used a the anomaly for a more accurate interpolation of the, TA
norm-conserving pseudopotential, which also includes a no'pranch.

linear core correction, treating thes é4nd 4 states as va-

lence levels. To describe the effects of exchange and corre- lIl. CUBIC Ni ;MnGa

lation, we used the Perdew-Burke-Emzefflofunctional In this section, we report the results of calculations for
with the spm-polarlze_d _generallzed-gradle_nt correction, réNi,MnGa in the fcc L2 Heusler structurésee Fig. L

cently implemented within the DFPT formalism in the/scF
code’ For comparison, we have performed calculations
within the local spin-density approximatioh.SDA) using
the Perdew-Zunger parametrization of the exchange and cor- In Table | we give the minimum-energy lattice parameter
relation energy. The plane-wave basis set had a kineticag, the bulk modulus B, and the magnetic moment per unit
energy cutoff of 25 Ry. The augmentation charges, requiregell xo computed within the spin-polarizea-GGA. Note

by the use of ultrasoft pseudopotentials, were expanded witthat to obtain convergence to within 004, wo has been

an energy cutoff of 450 Ry. The Brillouin-zone integration computed on &10, 10, 10 k-point grid with 0=0.01 Ry.
was performed using the smearing techniffusuitable for  These results agree well with those of all-electron calcula-
metallic systems. The structural properties and most of théions (FLAPW) performed using the--GGA.° The theoret-
phonon frequencies are well converged using a first-ordeical results are also in very good agreement with the experi-
smearing function with a smearing parameter0.03 Ry mental data; the theoretical lattice parameter obtained with
and a fcc(6, 6,  Monkhorst-Pack grid! yielding 28k  o-GGA is equal, within theoretical precision, to the experi-
points in the irreducible wedge of the Brillouin zo(B2) mental value. For comparison, the LSDA results are included
for the cubic structure. To obtain an accurate description ofn Table I. The LSDA lattice parameter is 2.5% smaller than

A. Crystal structure and magnetization
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TABLE I. Equilibrium lattice parametea,, bulk modulus B, TABLE II. Phonon frequencieén cm™1) computed at the zone-
and magnetic moment, for Ni,MnGa in the L2 Heusler struc- boundary pointX. Results obtained using different approximations
ture. Calculations using the spin-polarized GGAGGA) are com-  for the exchange and correlation energyGGA and LSDA, are
pared with experimental data and with the results obtained usingompared with the experiment.

LSDA.
o-GGA LSDA LSDA Expt.
ag(a.u) B, (Mbar) Mol g) ag ag(ao-GGA) ay(LSDA) ag(ao-GGA)
a-GGA 11.03 155 4.27 Xe 82 76 70 87
LSDA 10.74 202 3.92 X1 160 179 151
FLAPW-o-GGA? 10.98 156 4.09 X5 174 191 161
Expt. 11.0% 146 4.17 . 176 195 166
X4 178 185 159
R 52 S
‘Reference 19. X} 221 249 212
X} 259 286 233

the experimental value. This underestimate of the lattice pa-
rameter is correlated with an increase in the bulk modulus t
38% higher than the experimental value.

Our calculated electronic density of statest shown is
in good agreement with the density of states of Ref. 20.

Phethod. The experimental frequency for the transverse-
acoustic mode&; is in very good agreement with the phonon
frequency computed using the-GGA, with the computed
value being about 6% softer. For comparison, we have also
) ) . done the computation with LSDA. Calculations for the cubic
B. Phonon dispersion relation structure with the LSDA lattice constant yield frequencies

The phonon dispersions of the ferromagnetic cubic strucabout 10% harder than those computed usingdh8GA,
ture (a,=11.03 a.u.) have been computed, usingsGA,  except for the lowesKg mode which is 7% softer, increasing
for g along high-symmetry lines in the first Brillouin zone, as the discrepancy with experiment. In addition, the ordering of
shown in Fig. 2. The solid lines indicate the computed phothe modes in LSDA is different. Specifically, t€ mode is
non dispersion converged to within a few wave numberssofter than the nearb¥s andXs modes. We have also com-
The theoretical phonon-dispersion curves are in excellenputed the phonon frequencies within the LSDA but fixing the
agreement with the available inelastic neutronlattice parameter to the equilibrium value computed in the
scattering-dat&?! o-GGA. The result is that all the modes soften, so that the

To evaluate the accuracy of the theoretical method, th&equencies are about 10% smaller than those calculated
phonon frequencies computed using different approximawith o-GGA. This softening results in an even greater
tions for the exchange and correlation energy, at the zondiscrepancy with the experimentdl mode(20%). We con-
boundaryX point, are given in Table II. Since the experimen- clude that the better accuracy of-GGA is not merely
tal frequency of the anomaloug 0)-acoustic branch is not an effect of the more accurate value of the equilibrium
strongly temperature dependent at thipoint, it is a good lattice parameter. All calculations reported below were per-
reference for evaluating the accuracy of the theoreticaformed with o-GGA.
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FIG. 2. Full phonon dispersion of ferromagnetic;MnGa in the fcc Heusler structure, along high-symmetry lines of the fcc BZ. Solid
lines are fully convergedb initio calculations obtained using an effective electronic temperaiur®.01 Ry. The dashed line is the
dispersion obtained using a higher effective electronic temperadti€).03 Ry showing the dependence of the anomaly in the lowest
acoustic branch along th&€{0) direction on the effective electronic temperature. The circles indicate the neutron-scattering data from Refs.
4, 21. The imaginary values of phonon frequencies are plotted along the negative frequency axis. The wave vector o dinaitdts
of (27/a).
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FIG. 3. Partial phonon dispersion of MnGa in the fcc Heu-
sler structure, along th&-K-X line in the [110] direction. The
theoretical data are the same as in Fig. 2. The experimental data
taken at 250 K and 270 K are shown for comparison.
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The most striking feature of the phonon-dispersion rela-
tion in Fig. 2 is the anomalous dip in the lowest branch of the m

transverse-acoustic modes (j)Aalong[ 110]. The minimum T d K X
at the incommensurate wave vecty=(2w/a)({q, {o,0), [110]

with {,=0.34, is at imaginary frequency. Thus, the crystal is
dynamically unstable to the lattice distortion corresponding FiG. 4. Contour plots of the imaginary phonon frequencies in
to _the eigenvector of this mode, Whl_ch consists of a nearlyy,q (001 plane(a) and (1D) plane(b) of the fcc BZ. These con-
rigid displacement of thg110 atomic planes along the toyr plots show the region ig space where the crystal is dynami-
[110] direction with a modulation period of slightly less cally unstable. This occurs in a narrow valley situated along the
than six interplanar distances along fi4.0] direction. This  [110] direction with its minimum at the critical wave vectag,
energy-lowering distortion can be specified by an amplitude=(0.34,0.34,0).

u and a phaseg:

(hw)? is experimentally observed to decrease linearly with
Up=ucogmeom+ ¢), (1)  temperature abov@py=260 K. Extrapolation toT=0 K
] ) ) gives an imaginary frequency of 88m~?1, which is in rea-
whereu,, is the displacement of theth (110) atomic plane  gspnaple agreement with the computed value.
along the[110] direction. Due to the cubic symmetry, there  Examination of the phonon dispersion throughout the en-
are 12 equivalent anomalies along t14.0) directions which  tire BZ shows that imaginary frequencies leading to dynami-
give rise to six different but crystallographically equivalent cal instabilities occur only in a very localized region dn
lattice modulationsi,, . space. This is in agreement with the experimental dispersion
The phonon anomaly is shown in more detail in Fig. 3,measured in the direction perpendiculardg, g=qy+ (¢,
where the theoretical dispersion is compared with inelastic- £,0).* The contour plot in Fig. 4 shows that the lattice
neutron-scattering data taken at two different temperaturesnstability is confined to a “drop-shaped” small region in
T=370 K (squares and T=250 K (triangles.? The experi- reciprocal space, located along el 0] direction and cen-
mental data display an anomaly in the ;TAranch, which tered at the critical wave vectay, where the dominant in-
corresponds to the anomaly predicted by our theoretical disstability occurs. The localized nature of the anomalygin
persion. The wave vector of the experimentally observedpace is a signature of its electronic origin, as will be dis-
anomaly is{py~0.337 in excellent agreement with the the- cussed in detail in the following section.
oretical value. For those modes that do not have a strong
dependence upon temperature, such as the LA branch and the
TA, modes away from the anomaly#0.45), the agree-
ment between theory and experiment is very good. To com- Screening due to electron-phonon coupling involving
pare theory and experiment for modes that are strongly tenelectronic states near the Fermi level in metals can give rise
perature dependent, we need to extrapolate the experimental anomalous dips in the phonon dispersion, called Kohn
values toT=0 K. In accordance with the soft-mode theory, anomalies. The occurrence of these anomalies depends

C. Origin of the anomaly
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use a very high density df points. Since the anomalous
frequency is extremely sensitive to the Fermi-surface nest-
ing, it provides the natural measure of convergence for the
calculation. We checked convergence of the anomalous fre-
quency with respect t&-point mesh and broadenin@ee
Table Ill). We find full convergence only atle-point density
significantly higher than that used in the calculations of Refs.
22, 23. Other possible sources of difference between the cal-
culations could be the choice of lattice paramédtee have
< used the optimized theoretical lattice constant, which is also
in good agreement with experimgndr of the exchange-
correlation functional[110] appears to be a direction for
which the anomaly is strongest. For example, although there
is nesting alond100] as well, there is no sign of an anomaly
in the phonon dispersion. This can be attributed to the van-
ishing of the relevant electron-phonon matrix elements.
The strength of a Kohn anomaly is expected to be very
sensitive to electronic temperature, with an increasing tem-
K, perature reducing the sharpness of the Fermi surface and thus
weakening the anomaly. In our calculations, the sensitivity to
electronic temperature can be directly investigated, as the
smearing parameter plays the role of a fictitious electronic
temperature. In Table 1l we show the dependenceroof
those modes at the critical wave vectgrthat have the same
symmetry as the soft TAbranch(i.e., the three modes &f;
symmetry. The anomalous TAmode3.;(1) is much more
sensitive to the fictitious electronic temperature than the
other two modes. All the frequencies are well converged for
0=0.01 Ry. The dependence of the phonon anomaly upon
the electronic temperature is also shown in Fig. 2, where the
dispersion of the anomalous FAranch computed witlr
=0.03 Ry (dashed ling is compared with the fully con-
verged calculation foro=0.01 Ry (solid line). Only the
modes with wave vectors close to the anomali,—0.16)
<{<({p+0.16), are affected by the change in the electronic
mainly on the geometry of the Fermi surface, as well as onemperature. The anomaly is smoothed out as the fictitious
the g dependence of electron-phonon matrix elements. If thelectronic temperature is increased. Thus, we conclude that
Fermi surface has flat portions with nesting vedagr there  the computed dip is indeed a Kohn anomaly.
generally will be very strong screening of the potential per-
turbation due to atomic displacements at that wave vector,
leading to a pronounced softening highly localized gn
space. The effect of Fermi-surface geometry can be quanti- The computed elastic constants for the ferromagnetic cu-
fied by calculation of the generalized susceptibility, as inbic structure are reported in Table IV. In a first-principles
Refs. 22, 23. framework, the standard approach for obtaining elastic con-
In cubic NbMnGa, the Fermi level crosses both minority- stants is to compute the stress tensor for a selected set of
and majority-spin bands. Of the two Fermi surfaces, only thesmall strains. The computation of the stress tensor is per-
one for the minority-spin bands, plotted in Fig. 5, showsformed using the formalism of Nielsen and Martfhwhich
obvious nesting features. In particular, they exhibit nestings a standard feature of thrvscrFcode?® To obtain conver-
features which are consistent with the anomaly in our phogence at the level of a few GPa, we have used very dense
non dispersion which, in turn, is in very good agreementpoint mesheqdup to (14 14 14, corresponding to 10976
with the experiments. In Fig. 6 we show two cross sectiongoints in the B4. To computeC,, andC,, the cubic crystal
of the minority-spin Fermi surface and examples of nestings distorted by the tetragonal deformatios), =€, €,,= €y
with vectorgo=0.34(1,1,0). The shape of our Fermi surface=0. For small deformations the stresg is linear with e:
agrees with those of Refs. 22, 23. There are however smadt,,= o,,=C,€, ando,,=Cy,€. The values so obtained for
quantitative differences that result in a different nesting vecthe elastic constant€,;, C;,, and the shear modulus’
tor and position of the peak in the generalized susceptibility=(C,;— C,,)/2 are indicated as “theory 1" in Table IV.
We have carefully investigated the possibility that these dif- The small magnitude of’ requires additional attention.
ferences may be related kepoint sampling. In order to de- We performed an independent computation by considering
scribe details of the Fermi-surface structure, it is necessary tthe tetragonal deformatiore,,=e, =€, €,,~—2¢. For

FIG. 5. (Color online only (a) Fermi surface of the minority-
spin bands for cubic NMnGa. (b) The fcc BZ inscribed in the
same cube as i@ is shown as a referende,, ky, k,, are in units
of 27/a.

D. Elastic constants
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Wi | ST FIG. 6. Cross section of the

minority-spin Fermi surface(a)
with the (001 plane k,=0.5
[shown in (b)], and (c) with the
(110 planek,+k,=1 [shown in
(d)]. The arrows are examples of
nesting vectors)y=0.34(1,1,0).

small e we have thato,,=oy,,=2C'e and o,,= —4C'e. zero temperature, and caution must be exercised in attempt-
This direct calculation givesC’'=(2+2) GPa, in good ing to compare these values with experiment. In the case of
agreement with the value obtained as a differenc€ gfand  elastic constants for which the observed temperature depen-
Cy,in theory 1. The near-zero value 6f implies that there ~ dence is slight, we expect a reasonable comparison between
is almost no energy cost for a small tetragonal shear distothe computed values and the measurements. The elastic con-
tion of the type 2,,=2e,,=—¢,,. Evidence of this mar- stants in the h|gh-temperature cubic phase have been experi-
ginal elastic instability towards small volume-preserving te-Méntally determined between room temperature and the in-
tragonal distortions was also found in Ref. 26, where it wade'mediate premartensitic pgazge transition by measuring the
shown that the energy surface as a function/af is remark- velocity of ulltrasomc waves.”” These experiments show
ably flat; specifically, the change in energy associated witﬁhat the elastic constanG, andC,, are almost temperature

. 2 independent. As expected, we indeed find good agreement
varying thec/a ratio in the range of values between 0.97 andbetween theory and room temperature measuremen@,for
1.01 is almost zero to within numerical accuracy. L

andC44. In contrast, the transverse elastic const&ysand
In Table IV (theory 2 we also show the values of the &/ g pinit strong temperature dependence, softening as the
elastic constants estimated from the slope of the long wavesremartensitic phase-transition temperature is approached.
length acoustic modes along thELQ] direction. The elastic  \yhile the softening is small foE 4, it is more dramatic for
constantsCyy, C', and C, =(Cyy+Cio+2Cyy)/2 corre- ¢ hich decreases by 60% from room temperature to the
spond to the TA, TA,, and LA modes, respectively. These transition. Although we cannot predict the detailed behavior
determine the values @;; andC,, given in the table. The from our T=0 calculation, the strong temperature depen-
evaluation of the elastic constants from the phonon dispefdence is consistent with the anomalous near-zero value
sion is less accurate, especially fof @here the correspond- for c’.
ing TA, branch deviates from a linear behavior already at _ _ )
very smallg. _ TABLE_ IV. Ela§t|c constants, in GPa, for ferrqmagnetlc
These elastic constants have been computed for the uhlizMnGa in the cubic Heusler structure. Theory 1, elastic constants

: : from stress calculation under strain. Theory 2, elastic constants es-
stable(and therefore hypothetigatubic Heusler structure at . ; '
( yp timated from the slope of thi{0] acoustic branches close Ia

TABLE lll. Dependence upon the smearing parametesf the ~ C’, C44, and C_ correspond to the TA TA;, and LA modes,
frequency of the thre® ; modes at the critical wave vectqp. The respectively. Room-temperature measurements are shown for com-
33(1) mode is the anomalous FAnode, the other twad5(2) and  parison.

2.4(3), are higher-frequency optical modes. THepoint mesh
needed to achieve convergence for each of the valuesisfalso Ci Cop, C’ Cus C.
reported. Frequencies are in th

Theory 1 15%2 148+2 252

a(Ry) K mesh S4(1) 34(2) 4(3) Theory 2 1389 143*+9 —25+x5 1005 240+5
Expt. 152 143 4.5 103 250

0.03 (666 8 195 244 Expt. 1363 22+2  102+3  222+9

0.01 (10 10 10 39 195 242

0.005 (121212 39 195 242 *Reference 27.

bReference 28.
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FIG. 7. Ab initio [110] and[011] phonon dispersions for ferro- FIG. 8. (Color online only Fermi surface of the minority-spin

magnetic NjMnGa in the tetragonal structurec/@=0.94,a bands for tetragonal BMnGa (c/a=0.94).

=11.26 a.u.).
wider than the corresponding features in the cubic Fermi

IV. TETRAGONAL Ni ,MnGa surface. As a consequence of these changes, induced by the
] o tetragonal distortion, there is significant nesting only in the
The identification of unstable phonons @§=(27/a) (110 directions perpendicular to theaxis and the edges of
X(£o, £0,0), with £,=0.34, in the cubic Heusler structure the pipes are nested by the largér Q) critical wave vector,
leads naturally to an understanding of the transition to thg =0 43. This explains why in the tetragonal structure there
premartensitic cubic-modulated phase with decreasing temyre pronounced Kohn anomalies only in {1a.0) directions,

perature. To explore the subsequent transition to the lowxt 5 larger wave vector than in the cubic structure.
temperature martensitic phase witha=0.94 and modula-

tion wave vector{,=0.43, we extended the calculations of

. : . . B. Evolution of phonon anomaly with tetragonal deformation
phonon dispersion to Heusler structures with uniform

volume-preserving tetragonal strains ranging frama To understand better the lattice instabilities and related
=0.88 to c/a=1.06, with particular attention to the TA structural energetics of BInGa, we studied the evolution
modes along thé¢110 directions. of the TA, phonon anomaly with uniform volume-preserving

tetragonal strain.
_ Studying the phonon dispersions of the cubic Heusler
A. Tetragonal structure with c/a=0.94 structure ¢/a=1) and its tetragonal distortion wite/a

We first consider in detail the volume-preserving tetrago-=0.94, we have identified the existence of the unstable
nal distortion with c/a=0.94, corresponding to the low- mode at{=0.34 and{=0.43, respectively, which explains
temperature martensitic phase. The phonon dispersions corfh€ transitions to the premartensitic and martensitic phases
puted along the inequivalefit10] and[011] directions of the ~ With decreasing temperature. The fact that for the two tetrag-
tetragonal BZ are shown in Fig. 7. The only mode substanonal strains the soft mode is always the,Thode but with a
tially affected by the tetragonal distortion is the anomalouddifferent wave vector suggests that the wave vector of the
TA, mode. We find an overall softeningardening of the  soft mode and the tetragonal strain are coupled. We therefore
TA, branch in the[110] ([011]) direction. The anomaly is studied in more detail the dependencegofipon tetragonal
particularly affected by the tetragonal distortion. Along thestrain.

(110 directions, which are perpendicular to theaxis, the The dispersion of the TAbranch along th¢110] direc-
phonon anomaly is more pronounced and is shifted to &on is shown in Fig. 9 for several values of tba ratio. An
larger q vector ((=0.43) than in the cubic structure. This overall softening of the TAbranch is observed with decreas-
wavevector is in excellent agreement with the long periodng c/a ratio. With compressive straire(a<1) the anomaly
modulation observed experimentally in the tetragonal maroccurs at a largef, than in the cubic structure, and becomes
tensitic phase. In contrast, along tk@11) directions, the broader and more pronounced. Fota<0.91 the entire
anomaly has almost completely disappeared; the entirbranch is unstable. With tensile straic/4>1) the anomaly
branch is stable and there is only a very small wiggle in theshifts to a smaller{, and becomes less pronounced. The
TA, branch. lattice instability is completely eliminated foc/a=1.06.

As in the cubic phase, the anomaly can be associated withhis is in agreement with the experimental observation of no
features of the Fermi surface. In Fig. 8 we show thesuperimposed modulations in a stress-induced tetragonal
minority-spin Fermi surface computed for MnGa in the ~ phase withc/a=1.182°
tetragonal structure. It is related to the Fermi surface of the In Fig. 9, we have shown the TBAbranch for several
cubic structure with two major difference§) There are no different values ott/a. For each of these values ofa, we
flat surfaces perpendicular to th@01) direction and(ii) The  can find the value of the wave vectgy for which the imagi-
“pipes” running along the faces of the tetragonal BZ are nary frequency of the TA branch has its minimum. This
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FIG. 9. (Color online only Dispersion of the squared frequen-
cies, for the anomalous BAphonon branch, computed for different
volume-preserving tetragonal distortions, witha ranging from -
0.88 t0 1.06. 's o500 |
)
gives us the dependence of the modulation wave vector upon “8~
strain and is shown in Fig. 10. Three regimes can be identi-
fied: (i) c/a=<0.91, where the entire TAbranch is unstable
and there is no unique minimurtii) 0.9<c/a<1.06, where
the TAz branch displays a well-defined dynamic.al instlfa'tbility 0 0 02 04 06 08 1
localized at the wave vectdy that depends oo/a; and(iii) q=([110] 2nt/a

c/a=1.06, where the lattice instability is completely elimi-
nated and the TAbranch is stable over the whole BZ, so that

no minimum is defined. Only in regiméi) (Fig. 10 can a tions, with c/a varying from 0.91 to 1.06. Dashed lines are for

modulated structur(_a be expected to. occeur. c/a>1, dot-dashed lines are fa’a<1, and solid lines are for
In order to quantify these trends, in Fig. 11 we decomposg,,_ 1

the phonon frequencw? into a short-range “normal” part

2 “ ” 2 . 2 J— 2
wp and a long-range “anomalous” pai; : w™({)=wn({) —Am2, wheremis the mass associated with each plane. The

T wy(£). The normal contribution, defined a.ﬁ(g) =AlL long-range anomalous contributimfl depends on electronic

— cos¢m)], dep'ends only upon short-range |n§eratom|c forcescreening effects that can be stronglgependent. To fit the
constants and is connected to the local chemistry of the crys-

tal. It corresponds to the simple model for the transversé:ons't‘mtA in the definition ofw;,({), we assume that fof

— . =1 the anomalous contribution is zero.
[1.10] V|br.at|ons.of the[l?o] planes when they interact only The short-range contribution softens with decreasifay
with a first-neighbor interplanar force constanK=

ratio, causing the overall softening observed for the, TA
branch. Decreasing/a corresponds to a volume-preserving

FIG. 11. Decomposition o&? into “normal” ( wﬁ) and anoma-
lous (w2) parts for different volume-preserving tetragonal distor-

12 T T tetragonal distortion with a shorterand largera. Therefore
1t U §| O\ 1m smallerc/a values correspond to a larggt10] interplanar
o8k b‘?’:ﬁéﬁ i :giﬁlbz'gg’ i dyng?mcal distance, which leads ;[o a weaker interplanar force constant
unstable]l | at¢, || instability and therefore a softeo;; .

s 06 F " ! The anomalous contribution? is negative, large, and
04 | N ) | peaked at a critical wave vectdf,, indicating a strong
oz k i o .i screening due to the electon-phonon coupling and Fermi-
: ' : surface nesting. Botl, and the intensity of the anomaly are

0 L et strongly dependent upon strain. The valuelgfincreases
5 10 : H with decreasing:/a, the intensity reaching its maximum at
2 L E Oi c/a=0.97.
& ! | [0
% 6T i * i modulation V. SUMMARY AND CONCLUSIONS
§ 4 F +’ ¢ i Our ab initio study of the phonon dispersion and lattice
E 5 " L instabilities in cubic and tetragonal MinGa can be summa-

08 0.9 1 11 1.2 rized as follows.

cla First, the parent cubic phase exhibits a marginal elastic

FIG. 10. Dependence uparia of the modulation wave vector instability, C'~0 , meaning that there is almost no energy
o and the related modulation perigoh unit of (110 interplanar ~ cost for a small uniform tetragonal distortion.
distance$ Second, for 0.94c/a<1.06 a Kohn anomaly is present

134104-8



FIRST-PRINCIPLES STUDY OF LATTIE . .. PHYSICAL REVIEW B 68, 134104 (2003

due to electron-phonon coupling and Fermi-surface nestingequilibrium amplitude and phase of the lattice modulation
It develops into a deep minimum corresponding to a local-and the associated energy g&infhe energy could then be
ized dynamical instability whose wave vectfyis related in  expanded in terms of symmetry invariants of the relevant
a one-to-one fashion to the/a ratio. Therefore, tetragonal structural degrees of freedofstrain and modulationand
structures withc/a in this range are unstable towards a par-determine the coefficients of each term of the expansion us-
ticular transvers€110-shuffling modulation with a specific ing ab initio calculations. In this way one could develop an
wave vector/,, the one-to-one relationship of tlda ratio  ab initio based finite-temperature statistical model of the
and the modulation period being due to the behavior of thgphase transition in NMnGa. This would also permit one to
topology of the Fermi surface under tetragonal distortions. directly connect first-principles results with phenomenologi-
Consequently, the energy of the cubic structure may beal Landau-theory parameters and obtain microscopic infor-
lowered by any one of a family of deformatiods,u({.)}, mation about the transitions, such as the role of the magne-
consisting of a tetragonal strainand a superimposgd10-  toelastic coupling in stabilizing the premartensitic phise.
shuffling modulationu({,) whose periodicityl is directly In conclusion, we have provided a first-principles micro-
related in a one-to-one fashion to tbéa ratio. scopic explanation for the origin of the physically interesting
The near-vanishing o€’ together with the fact that the and technologically important martensitic phase transitions
energy surface as a function ofa is remarkably flat permits  in the ferromagnetic shape-memory Heusler alloyNMiGa.
a modulated ground state wittVa significantly different
from 1. Indeed, the computed relation betwexa and the
modulation wave vector is in excellent agreement with struc-
tural data on the premartensitic/6=1) and martensitic Calculations in this work have been done usingriscr
(c/a=0.94) phases of MMnGa, and also with the unmodu- package€® We thank Morrel Cohen, Richard James, and
lated stress-induced phasg/d=1.18). Xiangyang Huang for valuable discussions, and Vitaly
The next step is to carry out total-energy calculations ofGodlevsky for his help in the early stages of this work. This
the complex modulated structures in order to determine thevork was supported by AFOSR/MURI F49620-98-1-0433.

ACKNOWLEDGMENTS

*Email address: bungaro@physics.rutgers.edu 18M. Methfessel and A.T. Paxton, Phys. Rev4B, 3616(1989.
1s.J. Murray, M.A. Marioni, AM. Kukla, J. Robinson, R.C. 7H.J. Monkhorst and J.D. Pack, Phys. Revi® 5188(1976.
O’Handley, and S.M. Allen, J. Appl. Phy87, 5774(2000. 183, Baroni, S. de Gironcoli, A. Dal Corso, and P. Giannozzi, Rev.
2A. Sozinov, A.A. Likhachev, N. Lanska, and K. Ullakko, Appl. Mod. Phys.73, 515(2001).
Phys. Lett.80, 1746(2002. 19A. Ayuela, J. Enkovaara, K. Ullakko, and R.M. Nieminen, J.

3A. Zheludev, S.M. Shapiro, P. Wochner, A. Shwartz, M. Wall, and Phys.: Condens. Matteirl, 2017(1999.

, L.E. Tanner, Phys. Rev_. B1, 11 310(1995. 20\M. Pugaczowa-Michalska, Acta Phys. Pol98, 467 (1999.
A. Zheludev, S.M. Shapiro, P. Wochner, and L.E. Tanner, Phys21a zpeludev, S.M. Shapiro, P. Wochner, A. Shwartz, M. Wall, and
Rev. B54, 15 045(1996. L.E. Tanner, J. Phys. N8, C8-1139(1995.

5 . .
P.J. Webster, K.R.A. Ziebeck, S.L. Town, and M.S. Peak, Ph||0522Y. Lee, J.Y. Rhee, and B.N. Harmon, Phys. Rev6® 054424
Mag. 49, 295(1984).

. 2002.
SV.V. Martynov and V.V. Kokorin, J. Phys. 112, 739 (1992. 23 ( . .
7R. Tickle and R.D. James, J. Magn. Magn. Mat#g5 627 O(.ll.gs\)/;hkokhatny and I.I. Naumov, Phys. Solid Staté, 617
(1999. o : . ,
8V. Buchelnikov, A. Zayak, A. Vasilev, and T. Takagi, Int. J. Appl. O.H. Nielsen and R.M. Martin, Phys. Rev.32, 3780(1989; 32,
Electromagn. Mechl12, 19 (2000. 3792(1985.

9A. Dal Corso and S. de Gironcoli, Phys. Rev6B, 273 (2000. 253. Baroni, A. Dal Corso, S. de Gironcoli, and P. Giannozzi, http://
104, Dal Corso, A. Pasquarello, and A. Baldereschi, Phys. Rev. B WWw.pwscf.org

56, 11 369(1997. 263ee Fig. 1 in V.V. Godlevsky and K.M. Rabe, Phys. Rev6®
11D, vanderbilt, Phys. Rev. B1, 7892(1990. 134407(2001).
12The details for the Ni pseudopotential can be found in Ref. 9. >'J. Worgull, E. Petti, and J. Trivisonno, Phys. Rev58 15 695
Bwe generated the pseudopotential for Mn, using as reference the (1996.

all-electron configuration @4s2. The core radii aréin a.u) 4s  2°L. Mahosa, A. Gonzez-Comas, E. ObradoA. Planes, V.A.

(2.0,2.2,4p (2.2, 2.9, 3d (1.6, 2.2. The all-electron potential Chernenko, V.V. Kokorin, and E. Cesari, Phys. Rev.5B,

pseudized inside.= 1.8 has been taken as a local potential. Two 11 068(1997).

values of the core radii indicate a channel which has been pseud®V.V. Martynov, J. Phys. V5, C8-91(1995.

ized with the ultrasoft scheme. In such a case the first value i$°Results of calculations for the modulated structure wdfta

the norm-conserving core radius and the second is the ultrasoft =0.94 can be found in A.T. Zayak, P. Entel, J. Enkovaara, A.

one. Ayuela, and R.M. Nieminen, J. Phys.: Condens. Mattgr159
s, Louie, S. Froyen, and M.L. Cohen, Phys. Rev2& 1738 (2003.

(1982. 3IA. Planes, E. Obradd\. Gonzdez-Comas, and L. Masa, Phys.
153.P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. L&tt. Rev. Lett.79, 3926(1997.

3865(1996. 32p_ J. Webster, Contemp. Phyi), 559 (1969.

134104-9



