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Dynamical instability and Fermi surface topology in Ni,FeGa from first principles
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The phonon spectrum of stoichiometric Heusler alloy NiFeGa is calculated for the high-temperature
cubic austenite phase by using first-principles density functional perturbation theory. We also compute the
elastic constants of the alloy from the initial slopes of the acoustic phonon branch. The TA, phonon branch
along [110] direction shows softening with a minimum dip at ¢ = 0.58 which indicates the possibility
of modulated phases prior to martensitic transformation. We also map the Fermi surface of this alloy
both in 3D and 2D to check the presence of any nesting vectors. The observed nesting parameter is in
good agreement with the above value of the wave vector in the [110] direction where phonon softening

occurs.
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I. INTRODUCTION

Shape memory alloys (SMAs) are considered as materials
of technological importance for their shape memory effect
and recoverable strain. One of the most widely used SMAs
is nitinol. However, a more efficient class of SMAs known as
ferromagnetic SMAs has received tremendous attention from
researchers across the globe in the last few years. The speciality
of these alloys lies in the fact that the shape memory can be
driven by applying magnetic field which makes it possible
to induce and recover strain cycles easily. Of these alloys,
Ni;MnGa is the most studied Heusler alloy [1-6]. But its near
stoichiometric composition shows brittleness, lower marten-
sitic transformation temperature, and Curie temperature, 7.
In this context, Ni;FeGa has been reported to be a better alloy
with better characteristics. It has a Curie temperature of 439 K
and a martensitic phase transition temperature of 142 K in
stoichiometric composition [7] and a higher 277 K in some
off-stoichiometric compositions [8,9]. It has a two-way shape
memory effect and shows a lower martensite saturation field
of 0.6 T as compared to 1.0 T in the case of Ni;MnGa [7].
It has other interesting properties such as low transformation
stress, high reversible strain, and small hysteresis [10]. The
recoverable strain for this alloy is as high as 12% in the
tetragonal L1, transformation [8]. The ductility of this alloy
can be improved by the introduction of a small amount of
the gamma phase [11]. NipFeGa has a comparatively higher
linear dependence of transition temperature on the valence
electron concentration than Ni,MnGa [12]. This indicates
that the transition temperature in NiyFeGa alloy can be
easily controlled by a slight variation in its composition.
Ni,FeGa exhibits first-order structural transformation from
high-symmetry cubic austenite structure to low-symmetry
tetragonal martensite structure on cooling and vice versa
[13,14]. Many martensitic phases such as the modulated
5M, 6M, 7M, 10M, 14M phases are associated with such a
transformation [8,11,15]. This means that some electronic and
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structural precursor phenomena occur during the process of
cooling before martensitic transformation. The microscopic
origin of the martensitic transition has been correlated with
acoustic phonon anomaly, Fermi nesting, and electron-phonon
coupling in other similar alloys [6,16,17]. Pérez-Landazabal
et al. found experimentally by inelastic neutron scattering that
the TA, branch along [110] direction of the nonstoichiometric
L2, phase of NiyFeGa shows a slight softening around ¢ =
0.35. Moreover, elastic neutron scattering along the [{£0]
direction near (422) reflection shows a satellite peak close
to ¢ = 0.33 whose intensity decreases with cooling [18].
But not much theoretical work has been done regarding the
microscopic origin of the dynamical instabilities in this system.

In our previous work [19], the structural, electronic, elastic,
and magnetic properties of stoichiometric Ni;FeGa alloy were
studied using first-principles calculation. In DOS calculation,
a comparatively high electron density was observed just above
and below the Fermi level suggesting that there might be
some interesting electronic behavior near the Fermi level. This
incites us to map the Fermi surface of stoichiometric Ni,FeGa
Heusler alloy. The aim of this work is to give an explanation
of the microscopic origin of the instabilities in stoichiometric
Ni,FeGa alloy and consequently to check whether there is
any relationship between phonon anomaly and Fermi nesting
parameters.

II. COMPUTATIONAL DETAILS

In this work, we use DFT formalism [20,21] to calculate the
electronic structure as well as the dynamical properties. All the
calculations are done using the QUANTUM ESPRESSO package
[22,23]. The Perdew-Burke-Ernzerhof (PBE) functionals [24]
that come under the generalized gradient approximation
(GGA) are used to address exchange-correlation interaction.
To account for the interaction between the ionic cores and
valence electrons, ultrasoft pseudopotentials are taken for
Ni(3d®4s?), Fe(3d"4s"), and Ga(4s%4p"). For total energy
calculation, the optimized plane wave kinetic energy cutoff is
fixed at 40 Ryd and the density cutoff for ultrasoft pseudopo-
tentials is fixed at 480 Ryd. The Methfessel-Paxton smearing
technique for Brillouin zone integration has been employed
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for this metallic system. A smearing parameter of magnitude
o = 0.01 Ryd is found to be appropriate for the desired results.
All structural and electronic parameters are well converged
over a k-mesh value of 12 x 12 x 12 Monkhorst-Pack grid.
For vibrational studies, the density functional perturbation
theory (DFPT) implemented in QUANTUM ESPRESSO is used
to calculate the frequencies. The phonon energy convergence
threshold is fixed at 10~!8 Ryd. The calculation of the phonon
spectrum has been carried out over a ¢ mesh of 6 x 6 x 6
Monkhorst-Pack which gives 16 g points. The interatomic
force constants are calculated by Fourier transformation of the
dynamical matrices generated at each of the g points and finally
interpolated back to get the full phonon dispersion spectra. For
Fermi surface calculation, a uniform grid of 12 x 12 x 12 is
used for scf calculation and a higher grid of 28 x 28 x 28 is
used for nscf calculation. The bands that cross the Fermi level
are identified using XCrySDen [25]. The 3D Fermi surface
and 2D Fermi surface cross sections are generated from these
bands.

III. RESULTS AND DISCUSSION

NiyFeGa is a full Heusler alloy that exists in at least two
different stable phases, one in high-temperature cubic phase
known as the austenite phase, the other in the low-temperature
tetragonal phase known as the martensite phase. Of these
two phases, the former is extensively studied in this work,
which consequently provides useful information regarding the
microscopic origin of the structural instabilities associated
with this ferromagnetic alloy. In its austenite phase, Ni,FeGa
takes up the L2, structure with space group Fm3m. The
two Ni atoms sit on the Wyckoff crystallographic positions
(1/4, 1/4, 1/4) and (3/4, 3/4, 3/4), while the Fe atom and
Ga atom occupy the positions (1/2, 1/2, 1/2) and (0, 0, 0),
respectively. The austenite structure of NiyFeGa is shown
in Fig. 1. The lattice constant of ferromagnetic Ni,FeGa
alloy in the L2; structure is optimized by calculating the
change in total energy as a function of lattice parameter.

FIG. 1. (Color online) L2, structure of stoichiometric Ni,FeGa
alloy.
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TABLE I. Comparison of our optimized lattice constant and bulk
modulus of L2, Ni,FeGa with previous available theoretical and

experimental data.

a(A) B (GPa)
Experimental values 5.76*

5.74°
Theoretical values 5.75¢ 164¢
Our calculation 5.77 164.70

2Electron backscatter diffraction (EBSD) [26].
X-ray diffraction (XRD) [7].
€Ab initio calculation by Bai et al. [27].

A fourth-order Murnaghan equation of states is fitted to
the calculated total energies to get the equilibrium lattice
constant and zero pressure bulk modulus. The calculated
lattice parameter a = 5.77 A giving primitive cell volume
Vo =47.99 A3 is in good agreement with the experimental
values 5.76 A and 5.70 A [7,26] and theoretical value 5.75 A
[27]. The calculated zero-pressure bulk modulus 164.70 GPa
is in very good agreement with the previous theoretical value
of 164 GPa [27]. The calculated pressure derivative of bulk
modulus B’ is found to be 5.32. Table I shows the comparative
values of all the available data regarding lattice parameter and
bulk modulus of Ni,FeGa alloy.

Figure 2 shows the convergence of k-mesh for different
degauss values. This convergence check is vital for dynamical
studies of unstable systems as the soft phonon branch is
sensitive to the degauss value. For higher degauss values,
our desired energy convergence of 1 meV is achieved faster.
The smaller the degauss value, the larger is the k& mesh
required.

The phonon spectrum of stoichiometric NiFeGa is com-
puted for a ¢ mesh of order 6 x 6 x 6 with a phonon threshold
convergence of 107! Ryd. We have observed that there is
significant softening of the TA, branch along [110] direction.
Such an anomaly known as Kohn anomaly basically arises due
to screening of the lattice vibration by the conduction electrons.
This type of anomaly is often related to Fermi surface nesting
and electron-phonon coupling. The unstable phonons are in
general sensitive to the variation of degauss values. In Fig. 3,
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FIG. 2. (Color online) k-mesh convergence for different degauss
values. The k mesh of the larger degauss value converges faster.
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FIG. 3. (Color online) TA, mode of Ni,FeGa alloy along [110]
direction at different degauss values showing convergence at
¢ =0.58(110).

the TA, branches of phonon spectra along the [110] direction
for different degauss values are shown explicitly. There are
two factors as far as the convergence of the plots in Fig. 3
is concerned: first, convergence of frequency, and second,
convergence of the wave vector for the phonon dip. It can
be seen from the figure that the phonon dip has very well
converged to wave vector { = 0.58 on lowering the degauss
values. The contribution from the entropy part becomes less
than 1 meV/atom [28] from o = 0.01 Ryd. The consistency
and nontriviality of this result was checked by taking another
q grid (444) and relaxing the phonon convergence threshold
to 10716 Ryd. Calculations done with this set of parameters
foro = 0.03, 0.02, 0.01 Ryd also gave the converged value of
wave vector at ¢ = 0.58 for the phonon dip. This result is in
accordance with the result of Zayak and Entel [29], where they
have shown the TA, branches of six different magnetic Heusler
alloys having structure of prototype Ni,MnGa. According to
them, the position of the softening of the branches changes
with the change in valence electron concentration (e/a). Their
results show that the softening increases to larger value with
increasing e/a value. Since the e/a value of Ni,FeGa which is
7.75 is larger than that of Ni,MnGa which is 7.5, it is expected
that the premartensitic behavior shifts to larger wave vector in
case of Ni;FeGa than that of Ni;MnGa. This is exactly what
happens in our work where we observed the phonon softening
wave vector to be ¢ = 0.58 which is larger than ¢ = 0.33 of
Ni,MnGa [6,30]. As for the phonon frequencies of the TA;
mode, they do not show any trend which of course would
not hamper the qualitative understanding of the phenomena
of dynamical instability in this particular alloy. The high
sensitivity of the unstable modes to various input parameters
might have given rise to some numerical instability which is
causing fluctuation in the phonon frequency. The full phonon
spectra for degauss values 0.01 Ryd and 0.005 Ryd are shown
in Fig. 4. The figure shows that except the TA, modes along
[110] direction, almost all other branches both for acoustic
and optical modes are overlapping. This is also reflected in the
total phonon density of states presented sidewise in the same
figure.

The significant softening of the TA, mode along the [110]
direction in the phonon spectra with a minimum dip at
¢ = 0.58 as discussed above is indicative of the notion that
a larger ¢ value corresponds to a higher modulated structure
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FIG. 4. (Color online) Phonon spectra of Ni,FeGa alloy showing
softening along [110] with a minimum dip at ¢ = 0.58(110). The full
(black) lines represent the spectrum for degauss 0.01 Ryd while the
dashed (blue) lines represent the spectrum for degauss 0.005 Ryd.

like the 5SM or 7M structures in the premartensite phase as
predicted by Velikokhatny et al. in the case of Ni,MnGa
[16]. Since the degauss value is related to the electronic
temperature, the sensitivity of the unstable acoustic mode
indicates that there might be anharmonic interactions in the
system. However Pérez-Landazédbal et al.’s experimental neu-
tron scattering result found this minimum dip at ¢ = 0.35 [18].
The main discrepancy between our result and the experimental
findings is mainly due to the fact that Pérez-Landazébal
et al. performed the experiments at 300 K which is critically
above the martensitic transformation temperature and used an
off-stiochiometric sample Nis; sFe,; sGay7o (at. %). In this
regard, the sensitiveness of NiyFeGa over Ni;MnGa in terms
of composition may be noted [12]. Such discrepancy between
experimental and theoretical results for phonon softening can
also be observed in the case of Ni,MnGa [5]. The acoustic
phonon anomaly that appears in the full phonon spectra shows
that the L2; structure is not stable at low temperature which
is expected. This also suggests that there might be some
unstable phases with modulated structures prior to martensitic
transformation [8,11]. In the case of Ni,MnGa which also
shows such a complete softening, the dip appears at { = 0.33
and consequently leads to the premartensitic modulated 3M
superstructure [30].

Figure 5 shows the projected vibrational density of states
of Ni,FeGa along with the total density of states. Here the
lower acoustic region and the first peak around 145 cm™! in
the total DOS is mainly contributed by Ni atoms while the
second peak around 212 cm™' has a main contribution from
Fe atoms with some contributions from Ni and Ga atoms as
well. Ga atoms have the maximum contribution to the highest
optical peak in NiFeGa whereas in the case of Ni,MnGa,
Mn atoms contribute more to the highest optical peak. Here
it is interesting to see that the heaviest element Ga among the
three is contributing most to the highest frequency peak which
invites more investigation. As can be seen from Fig. 5, there
is more or less uniform distribution of frequency across the
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FIG. 5. (Color online) Partial vibrational density of states (DOS)
of each atomic species plotted together with total vibrational DOS of
Ni,FeGa.

acoustic range as compared to the optical range where we find
more distinct peaks.

We have calculated the elastic constants from the slopes
of acoustic phonons in the long-wavelength limit which is a
good test for the reliability of the phonon spectra. The elastic
constants C44 and C’ are evaluated from the TA |, TA, branches
along [110] while Cy; is evaluated from the LA branch along
the [100] direction. We have tabulated the calculated values of
elastic constants along with the available previous theoretical
and experimental values as shown in Table II. The calculated
elastic constants are within acceptable range with the available
previous data. The value of C44 is within 12.8 % of the
experimental value whereas the values of C’ and C;; are
higher than the experimental ones. At this point, we should
mention that there is only one experimental work giving elastic
constants and that also not in the same composition as ours.
Moreover, we find that such a discrepancy exists in the case of
Ni,MnGa also [31].

Since we are doing investigations in a metallic system, it
is important to understand the Fermi surface topology. The
magnetic and transport properties of the metallic systems
are directly or indirectly related to the shape of the Fermi
surface and the associated nesting vector. Previous studies
on prototype ferromagnetic SMA Ni,MnGa provides many
elementary ideas regarding shape memory effect and phe-
nomena associated with this type of alloy from the Fermi
surface. In Ni,MnGa, Shapiro et al.’s observation of a 3D
charge-density-wave phase through phasons in the M phase
was believed to be related to Fermi surface nesting [32].
Bungaro et al. found that Ni;MnGa shows phonon anomaly
along the [110] direction and tried to find the nesting vectors in

TABLEII. Elastic constants calculated from initial phonon slopes
compared with previous experimental and theoretical values.

C/
Cu (10" dyns/cm?) Ch
Experimental 0.86* 0.13* 1.63*
Theoretical 1.04° —0.02° 1.62°
Our calculation 0.75 0.32 2.23

“Phonon dispersion by inelastic neutron scattering experiments [18].
"Lattice deformation by GGA-DFT ab initio theory [19].
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FIG. 6. (Color online) 3D Fermi surface topology of Ni,FeGa
alloy. The Fermi surfaces that occupy the center of each face and edge
(red) are the 20th bands of minority spin bands while the other Fermi
surfaces in between (green) represent the 19th bands of minority spin
bands.

this alloy [6]. Velikokhatnyi and Naumov [16] calculated the
generalized susceptibility for the Ni;MnGa system and found
two significant peaks corresponding to two nesting vectors in
the Fermi surface suggesting that these two nesting parameters
might be responsible for the 5SM and 7M modulated structures
in the system. Lee et al.’s [17] calculations on Ni;MnGa by
using the scalar relativistic LMTO method reported that the
nesting feature evolves with the variation in magnetization.

But Haynes et al.’s [33] recent experimental investigations
on NipMnGa reported that the reconstructed Fermi surface
shows a nesting vector at q = [0.47,0.47,0]. This vector is
said to be very close to nearly tetragonal SM modulating
vector below T,,. The above findings strongly suggest that
various modulated structures in the premartensite phase of
ferromagnetic Heusler alloys are associated with Fermi surface
nesting, generalized susceptibility peaks, and phonon anoma-
lies. But it cannot be generalized that all ferromagnetic Heusler
alloys show all the above-mentioned features. Co,NiGa is one
exception which shows neither phonon anomaly nor Fermi
surface nesting [34]. Our main aim here is to check any
correlation between phonon anomalies and Fermi surface
nesting in Ni,FeGa.

The three-dimensional Fermi surface topology for stoichio-
metric NipFeGa is shown in Fig. 6. Here we concentrate
only on the minority spin states as it was observed in our
previous calculations on electronic structure that the minority
spin states took a major part in stabilizing the martensitic phase
[19]. The 19th band and 20th band of the minority spin states
are presented in this 3D plot. The flat portions of the Fermi
surfaces of both the minority spin bands are very obvious at
the zone boundary. But our focus area is whether this flatness
continues to other parts of the Brillouin zone or not. To probe
this idea, we cut the 3D Fermi surface at different K, planes.
Figure 7 shows the 2D cross sections of the Fermi surface of
two K planes. Here, we considered only the interband nesting
between the 19th and 20th band of the minority spin states. The
blue doted lines indicate the cross section at K, = 1.00 while
the solid red lines indicate the cross section at K, = 0.95. We
see that the two lines almost overlap in most areas signifying
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FIG. 7. (Color online) 2D cross section of Fermi surface of
Ni,FeGa along k, = 1.0 (dotted lines) and k, = 0.95 (solid lines)
planes showing Fermi nesting vector q = 0.58(110) represented by
the arrow (blue) extending from the 19th band to the 20th band.

that the flat portions of the Fermi surface are extended to a
reasonable extent in the whole Brillouin zone. The arrow at
the center extending from the 19th band to the 20th band
represents the observed nesting vector q = 0.58 along the
[110] direction. The observed Fermi surface nesting might
enhance the effect of electron-phonon coupling in this alloy.
There is enough scope of experimental works in this case
for calculating the generalized suceptibility which would help
us to further visualize the observed nesting vectors with the
peaks in the susceptibility spectrum. The nesting vector that
we observed from Fermi surface calculations exactly matches
the wave vector of the TA, phonon dip calculated along the
[110] direction.

PHYSICAL REVIEW B 89, 085114 (2014)

IV. CONCLUSIONS

The observed phonon anomaly in the TA; branch along
[110] shows the instability of the cubic Ni,FeGa system at
the calculated temperature 0 K. The complete softening of
this branch with a minimum dip at { = 0.58(110) might be re-
sponsible for the occurrence of various intermediate modulated
superstructures SM, 6M, 7M, 10M observed experimentally.
Another remarkable feature of the TA, phonon branch is that
it is found to be sensitive with respect to degauss value. This
phonon branch shows remarkable change in the magnitude of
softening and position of the minimum dip with the variation of
degauss values. We observed interband Fermi surface nesting
behavior in the down-spin states of the 19th and 20th bands.
The observed Fermi surface nesting vector q = 0.58(110)
exactly matches the soft phonon wave vector in the full phonon
spectra. This confirms that the two microscopic parameters,
i.e., the Fermi nesting vectors and acoustic phonon anomaly,
are well connected and might play a major role in destabilizing
premartensitic phenomena. There is a strong belief that this
higher value of wave vector q = 0.58(110) may be a signature
of the presence of higher modulated structures such as the
5M or 7M in the premartensite phase of this alloy. Further
investigations on modulated superstructures in stoichiometric
and off-stoichiometric compositions may give a better insight
in understanding this smart alloy.
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