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Lattice dynamics and phonon softening in Ni-Mn-Al Heusler alloys
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Inelastic and elastic neutron scattering have been used to study a single crystal of the NisyMn,3Al,3 Heusler
alloy over a broad temperature range. The paper reports the experimental determination of the low-lying
phonon dispersion curves for this alloy system. We find that the frequencies of the TA, modes are relatively
low. This branch exhibits an anomaly (dip) at a wave number &,=1/3=0.33, which softens with decreasing
temperature. Associated with this anomalous dip at &, an elastic central peak scattering is also present. We
have also observed satellites due to the magnetic ordering.
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I. INTRODUCTION

Magnetic shape memory behavior is associated with the
occurrence of a structural (martensitic) transition in a mag-
netic material. As a consequence of the degeneracy of the
low temperature phase, the martensitic state is a multidomain
structure. Rotation of the structural domains due to a differ-
ence in Zeeman energy occurs under application of applied
magnetic field,' thus giving rise to a macroscopic deforma-
tion of the sample. Strains as large as 10% have been re-
ported in single crystals of Ni-Mn-Ga.>?

Neutron scattering experiments*~’ and elastic constant
measurements®~'? have provided evidence of an unusual lat-
tice dynamical behavior in the prototypical magnetic shape
memory alloy Ni-Mn-Ga. It has been shown that the trans-
verse TA, ([££0] direction, [ £€0] polarization) branch exhib-
its a dip (anomalous phonon) at a specific wave number
which depends on the particular stacking sequence of the
martensite structure. On cooling the energies of the anoma-
lous phonon decrease, and such a phonon softening is en-
hanced when the sample orders ferromagnetically. For com-
positions close to the stoichiometric Ni,MnGa, the energy of
the anomalous phonon increases on further cooling below a
given temperature 7;, slightly higher than the martensitic
transition temperature 7,,. Such a change in behavior is as-
sociated with a phase transition to the so-called intermediate
or premartensitic phase. This transition is driven by a mag-
netoelastic coupling.'!"'> The temperature behavior of the en-
ergy of the anomalous phonon parallels that of the shear
elastic constants, which also exhibit a minimum at 7,.%1°

The lattice dynamics of Ni-Mn-Ga alloys has been exten-
sively studied from first-principles calculations, and the main
experimental features have been successfully
reproduced.'315 Recently, ab initio calculations have been
extended to encompass other Heusler alloys.'®"!® Particular
effort has been devoted to computing the lattice dynamics of
the Ni-Mn-Al system over a broad composition range.'” For
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this system, phonon dispersion curves along the [110] direc-
tion have been computed. A complete softening of the TA,
phonons in the range between £=0.25 and £=0.4 has been
found. The shear elastic constant C’ derived from the initial
slope of the TA, branch has a lower value than the remaining
constants.

Up to now, experimental data on phonon dispersion
curves and elastic constants in Heusler magnetic shape
memory alloys are only available for the Ni-Mn-Ga alloy
system. The goal of the present work is to present the experi-
mental determination of the lattice dynamics of Ni-Mn-Al.
Although Ni,MnAlI does not transform martensitically, off-
stoichiometric alloys transform martensitically within a cer-
tain range of compositions close to the stoichiometric
one.'>?® The low temperature martensitic structure depends
on composition and the observed structures are the same as
those reported for other Ni-Mn based magnetic shape
memory alloys.'??* The magnetic state of Ni,MnAl consists
of a mixed phase L2+ B2, which incorporates ferromagnetic
and conical antiferromagnetic parts.?*~>% This mixed state is
due to the significantly lower B2—L2, disorder-order transi-
tion temperature, compared to that of Ni-Mn-Ga, which re-
sults in very low kinetics for the ordering process.? It is also
worth mentioning that large magnetic-field-induced strains
have been measured on this alloy system.?’

In this paper, we present elastic and inelastic neutron scat-
tering experiments in a Ni-Mn-Al single crystal. The mea-
sured phonon dispersion curves and derived elastic constants
are compared to results obtained from ab initio
calculations.!” Significant TA, phonon softening at &=0.33
has been observed. In addition, a number of elastic satellites
associated with magnetic ordering and with structural insta-
bilities have been observed.

II. EXPERIMENTAL DETAILS

The single crystal studied was grown by the Bridgman
method. Appropriate quantities of nickel (99.99% pure), alu-
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FIG. 1. Acoustic phonon dispersion curves along the high-symmetry directions [£££], [££0], and [€00], measured at room temperature.
Note the change of the horizontal scale corresponding to the branch measured along the high-symmetry direction [£00]. Solid lines are

guides to the eye.

minum (99.99%), and electrolytic manganese (99.9%) were
cleaned and arc melted several times under an argon atmo-
sphere. The nominal composition of the alloy was
NisoMn,sAl,s. The button was then remelted and the alloy
drop cast into a copper chill cast mold to ensure composi-
tional homogeneity throughout the ingot. The as-cast ingot
was placed in alumina crucibles (approximately 15 mm in
diameter) and crystal growth was done in a Bridgman-style
refractory metal resistance furnace. The ingot was heated to
1350 °C for 1 h to allow homogenization before withdraw-
ing the sample from the heat zone at a rate of 5.0 mm/h. To
minimize vaporization of the manganese during crystal
growth, the furnace was backfilled to a positive pressure of
6.8X10° Pa with purified argon after the chamber and
sample had been out gassed at 1350 °C under vacuum. The
average composition of the alloy was determined by energy
dispersive x-ray photoluminescence analysis (EDX) to be
NisyMn,3Aly; (within +1 at. %).

Small pieces cut from the top and bottom of the ingot
using a low speed diamond saw were used as samples for
magnetization and calorimetric studies in order to character-
ize the sample. Both magnetization and calorimetric studies
revealed a magnetic transition at 7==300 K. Similar behavior
was observed in polycrystalline samples with composition
close to the studied sample.?’

Neutron scattering measurements were carried out on the
HB1A (Ames Laboratory PRT) spectrometer at the high flux
isotope reactor (HFIR) of the Oak Ridge National Labora-
tory. The monochromator and analyzer used the (002) reflec-
tion of pyrolitic graphite (PG) and highly oriented PG filters
(HOPG) were used to minimize higher-order contaminations
of the beam. The HB1A spectrometer operates at a fixed
incident energy of 14.6 meV which requires that scans with
energy transfers over ~9 meV be performed using neutron-
energy gain. However, much of the low energy (low-¢q) range
of each branch was measured using the higher resolution
neutron-energy loss mode. Collimations of 48"-40"-40"-136’
were used and all scans were performed in the constant-Q
mode while counting against neutron monitor counts. Two

sample settings were used. The sample was aligned to have
either the (001) or the (110) planes coincide with the scat-
tering plane of the spectrometer.

A standard closed-cycle helium refrigerator (displex) was
used for measurements below room temperature and up to
350 K. The sample was mounted under helium atmosphere
in an aluminum sample container attached to the cold finger
of the displex. The high temperature measurements (623 K)
were performed with the sample mounted in a 10~ Torr
vacuum furnace.

II1. EXPERIMENTAL RESULTS AND DISCUSSION
A. Phonon dispersion

Phonon dispersion curves were determined from inelastic
neutron scattering along the high-symmetry directions [ £00],
[££0], and [ €££]. The room temperature results are shown in
Fig. 1. Note that the dispersion curves are plotted in an ex-
tended Brillouin zone scheme in the fcc L2, notation, (lattice
parameter a=5.82 A). The phonon spectrum found for the
studied system shows the features typical of bcc materials:?
(i) low energies of the phonons in the TA,[££0] branch, and
(ii) the marked dip at £€=2/3 in the longitudinal L[£&E]
branch. The dip in the L[££E] branch is related to the incipi-
ent instability towards the so-called @ phase. The most note-
worthy feature is the wiggle at &=0.33 in the TA,[££0]

TABLE I. Elastic constants obtained from the initial slopes of
the acoustic phonon branches at §—0 at room temperature. The
calculated values, corresponding to the stoichiometric Ni,MnAl
sample, are extracted from Ref. 17.

Measured value (GPa) Calculated value (GPa)

Cu 103+5 102
C, 259+5 263
c’ 165 32
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FIG. 2. Temperature dependence of the partial acoustic disper-
sion curves. (a) Temperature dependence of the anomaly in the
TA,[ ££0] branch. (b) Temperature dependence of the longitudinal
L[££0] and transverse T[£00]. Whereas the wiggle at & =0.33 in
the TA,[££0] branch deepens with decreasing temperature, the
other measured branches do not change significantly. Solid lines are
guides to the eye.

branch, which deepens strongly with decreasing temperature,
as shown in Fig. 2(a). A similar behavior has also been re-
ported for Ni-Mn-Ga alloys with composition close to the
stoichiometric Ni,MnGa.*’ According to recent ab initio
calculations,!” such a phonon softening is due to a strong
electron-phonon coupling and the Kohn anomaly.

The temperature dependent softening of the &,=0.33 TA,
phonon is illustrated in Fig. 3, which shows the energy
squared of the soft phonon as a function of temperature. For
comparison, data for the soft phonons in Ni,MnGa and
Nig, sAls; 5 alloys are also plotted. The degree of softening is
similar to that of Nig, sAl3; 5, although the actual energy val-
ues are higher which is consistent with the fact that the stud-
ied sample does not transform martensitically within the
studied temperature range. The softening in Ni,MnGa is
stronger due to strong spin-phonon coupling in the ferromag-
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FIG. 3. Temperature dependence of the energy squared of the
TA,[£80] &,=0.33 phonon. Data from related systems Ni,MnGa
and Nig, sAl37 5 are also shown for comparison. 7; represents the
premartensitic transformation temperature. The data for the latter
systems were taken from Refs. 5 and 29 for Ni,MnGa and
Nig, 5Al37 5, respectively.
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FIG. 4. Temperature dependence of the elastic scattering along
the [££0] direction starting from the (020) reflection. (a) Satellite
due to the conical antiferromagnetic order. (b) Central peak associ-
ated with the anomalous dip at &, in the acoustic TA,[ ££0] phonon
branch. Temperatures from top to bottom are 12, 50, 75, 100, 150,
175, 200, 225, 250, 275, 300, 330, and 350 K. Solid lines are guides
to the eye.
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FIG. 5. Temperature dependence of the elastic scattering along
the [££0] direction starting from the (220) reflection. Temperatures
from top to bottom are 12, 50, 75, 100, 150, 175, 200, 225, 250,
275, 300, 330, and 350 K. Solid lines are guides to the eye.
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netic state. It must be noted that the phonon branches other
than the TA, do not change significantly with temperature as
can be seen from Fig. 2(b).

The measured dispersion curves are in good agreement
with those obtained from ab initio calculations for the [110]
direction of the stoichiometric Ni,MnAl.!”-!® The energies of
the acoustic phonons coincide within the errors except for
the low energy transverse TA, branch, which exhibits com-
plete softening in the range between £=0.25 and £=0.4. Ex-
perimental data are in agreement with such an instability and
show that the minimum is located at &,=0.33. However,
from Fig. 2(a), it can be seen that the softening is not com-
plete, i.e., the phonon frequency remains finite even at the
lowest temperatures.

The elastic constants at room temperature obtained from
the initial slopes of the acoustic phonon branches at £— 0 are
summarized in Table I. First-principles calculations of lattice
dynamics have provided theoretical values at 0 K for the
elastic constants of the stoichiometric Ni,MnAl compound.'’
The measured and the calculated values are in good agree-
ment, except for C’ which corresponds to the initial slope of
the TA, branch. The value obtained from the measured curve
is lower than that obtained from the calculated one. While it
is not expected that C; and Cy strongly depend on compo-
sition, C' may change from one composition to another. In
addition, it is worth noticing that the value is affected by a
large error due to the difficulty in defining the initial slope of
the curve.

B. Quasielastic scattering

As previously reported in other related systems,* diffuse
quasielastic scattering exists associated with the phonon
anomalies on the low-lying branch. A satellite peak—the
central peak—develops at the wave vector which corre-
sponds to the position of the dip in the TA,[££0] branch.
Figure 4 shows the temperature dependence of the elastic
scattering along [££0] direction starting from the (020) re-
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FIG. 6. Temperature dependence of (a) normalized maximum
intensity, and (b) width (FWHM) of the elastic satellites reported.
Symbols O, A, and V represent the [-0.1,2.1,0], [1.82,2.18,0],
and [-0.33,2.33,0] satellites, respectively. The width of the (020)
Bragg reflection (H) is also shown in order to compare the widths

of the satellites to the fundamental reflections. None of the widths
of the Bragg peaks measured were instrumentally limited.

flection. From this figure, we can distinguish two different
elastic satellites in addition to the Bragg peak at £=0. The
first satellite [Fig. 4(a)], at £=0.1, is due to the conical an-
tiferromagnetic order as determined by Ziebeck and
Webster.”® The second satellite [Fig. 4(b)], at £~0.33, is a
central peak associated with the anomalous dip at &, in the
acoustic TA,[ ££0] phonon branch. 3

We have also measured elastic scattering along [££0] di-
rection starting from the fundamental reflection (220). Re-
sults are shown in Fig. 5. A satellite located at £€=0.18 is
observed. Such a satellite was also reported in Ni,MnGa
from x-ray®’ and neutron scattering® experiments, and it was
attributed to the splitting of the Bragg peak owing to a te-
tragonal phase distortion.

Figure 6(a) shows the temperature dependence of the
maximum intensity of the observed satellites normalized to
the value at T=12 K. Figure 6(b) shows the temperature de-
pendence of the full width at half maximum (FWHM) of the
different satellites compared to that of the (020) Bragg re-
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flection. The satellite corresponding to the conical antiferro-
magnetic order has similar width compared to the Bragg re-
flections, whereas the other two reported satellites have less
intensity (see Figs. 4 and 5) and are broader in g space than
the lattice reflections.

From the similarity in the temperature dependence of the
£~0.18 and £~0.33 satellites, Stuhr et al.® concluded that
they were caused by dynamic precursor effects rather than
(static) contributions of the low temperature phase. Our data
for Ni-Mn-Al also show a similar temperature dependence
for these two satellites and therefore the origin could be the
same than in Ni-Mn-Ga: the £~ 0.18 being a precursor of the
tetragonal deformation and the £=0.33, a precursor of the
martensite modulation. It must be noted, however, that al-
though the £=0.33 satellite has been observed in all the
investigated Ni-Mn-Ga samples, the one at £=~0.18 has not
always been observed. It seems that the appearance of such a
satellite can be sample dependent and it might be related to
the homogeneity of the sample under study. This is consis-
tent with the fact that the martensitic transition temperature
in these alloy systems is extremely sensitive on composition,
and therefore the existence of a small amount of martensite
growing as temperature decreases cannot be completely dis-
regarded.

Figures 4—6 show that precursor satellites only grow once
the sample orders magnetically. Again, this situation parallels
the behavior observed in Ni-Mn-Ga. For that alloy system
satellites also grow below the Curie point.® Moreover, for
that alloy system, an enhancement of the phonon softening
occurs in the ferromagnetic phase.®” Hence, present results
suggest that in Ni-Mn-Al the development of magnetic order
also affects lattice stability.

PHYSICAL REVIEW B 73, 064303 (2006)

IV. SUMMARY AND CONCLUSIONS

We have measured the low-lying phonon dispersion
curves of a NisyMn,3Al,5 alloy. We found that the frequen-
cies of the TA,[££0] modes are relatively low, thus evidenc-
ing a low dynamical stability for distortions on the {110}

planes along the (110) directions. This branch has an
anomaly (dip) at a wave vector §=1/3~0.33. The energy
of this phonon decreases with decreasing temperature. The
existence of this anomaly in the phonon branch was pre-
dicted from recent ab initio calculations. Associated with this
anomalous dip at &j, an elastic central peak scattering is also
present. The reported behavior is similar to that observed in
the related Ni-Mn-Ga system but with a less softening of the
TA, phonon in Ni-Mn-Al. Overall, the energies of the acous-
tic TA, branch show higher values compared to those in
Ni-Mn-Ga. This is consistent with the fact that the studied
crystal does not transform martensitically within the studied
temperature range.
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