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Lattice dynamics and external magnetic-field effects in Ni-Fe-Ga alloys
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Precursor phenomena were investigated in a Ni-Fe-Ga alloy close to the stoichiometric Heusler composition
Ni,FeGa. In particular, the phonon-dispersion curves, the diffuse scattering and the magnetic properties of a
single crystalline Nis; sFe,; sGa,; alloy were measured as a function of temperature. The TA, branch along the
[110] direction of the L2, phase shows a significant phonon softening around ¢=0.35 resulting in a marked dip
which becomes more pronounced as the temperature decreases. Diffuse neutron-scattering measurements per-
formed along [££0] direction around Bragg reflections also reveal the presence of small satellite peaks at &
=0.33 whose intensity increases on approaching the martensitic transformation temperature. Both elastic and
inelastic-scattering anomalies confirm the occurrence of premartensitic phenomena in Ni-Fe-Ga alloys. The
influence of an external magnetic field (6 T) on the anomalous phonon is shown to be negligible and just a
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small shift of the transformation temperature takes place because of the magnetic field.
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I. INTRODUCTION

Several ferromagnetic Heusler alloys undergo a displacive
martensitic transformation (MT) from a cubic L2;-ordered
phase (Fm3m space group) to a low-temperature low-
symmetry martensitic phase. The magnetic and vibrational
behaviors near the structural martensitic transformation were
widely reported in the literature in different alloy systems. In
general, precursor phenomena occur prior to the MT (on
cooling) of Heusler alloys, among them the diffuse elastic
diffraction scattering along the [110] directions linked to
structural modulations, the occurrence of a temperature-
dependent dip of the acoustic TA,-phonon branch at a wave
vector inside the Brillouin zone (intracell distortion) and the
softening of the long-wavelength limit of this acoustic
TA,-phonon branch at g=0 (softening of the C’ shear
modulus).! =17

Ferromagnetic shape memory alloys (FSMAs) were ex-
tensively studied during the last years because of the large
magnetic-field-induced strains (MFIS) they show as a conse-
quence of the field-induced reorientation of the crystallo-
graphic domains appearing below the thermoelastic MT. In
particular, Ni-Fe-Ga alloys with compositions close to the
stoichiometric Ni,FeGa undergo a thermoelastic martensitic
transformation on cooling from the Heusler L2,-ordered
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phase at a critical point (7). Different martensitic phases are
formed, namely, the modulated 5M, 6M, and 7M phases
(having five-, six-, and seven-layered structures, respec-
tively) or the nonmodulated 2M phase.'®?° In a composition
range, the transformation temperatures are below the Curie
point (thus being possible candidates for MFIS) in such a
way that during the MT both structural and magnetic
changes occur simultaneously. Therefore, both magnetic and

TABLE I. Refined structural and magnetic parameters (300 K)
corresponding to the L2; cubic phase obtained by single-crystal
neutron diffraction.

T=300 K Site Atom Occupancy
Lattice parameters (A) 4a (00 0) Fe 0.86(1)
a=b=c=5.7495 Ni 0.06(1)
Ga 0.08(1)
4b (0.5 0.5 0.5) Ga 1.00(1)
8c (0.25 0.25 0.25) Ni 1.00(1)
Magnetic Fe 0.82(2)
moment (up) Ni  -0.07(2)
e 16.58
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structural precursor phenomena could be present during
cooling prior to the MT. Much effort was devoted in recent
years to study the lattice dynamics previous to the MT in
FSMA but most of them are focused on the Ni-Mn-Ga (Refs.
7-11) and Ni-Mn-Al (Refs. 14-16) and, more recently, on
the Ni-Mn-In (Ref. 17) alloy systems. In this paper, the
phonon-dispersion curves, the diffuse elastic scattering, and
the magnetic properties of a single crystalline Ni-Fe-Ga alloy
were measured as a function of temperature in order to ana-
lyze precursor phenomena previous to the MT. The magne-
toelastic coupling was analyzed by determining the effect of
the magnetic field on both the martensitic transformation and
the precursor phenomena.

II. EXPERIMENTAL PROCEDURES

A Nis; 5-Fe,, s-Gayy o (at. %) single crystalline alloy was
prepared by the Bridgman technique. Several samples with
convenient orientations were spark cut and homogenized un-
der vacuum at 1420 K for 1 h and water quenched.

Rectangular parallelepipeds of 9X4X4 mm? oriented
with the edges parallel to the (100) directions were prepared
for the neutron experiments (m=1.087 g). The phonon-
dispersion curves and magnetic properties were measured as
a function of temperature. The inelastic neutron-scattering
experiments were performed on the triple-axis spectrometers
IN3 (thermal neutrons) at the ILL (Institut Laue Langevin)
and PANDA (cold neutrons) at FRM II (Forschungs-
neutronenquelle Heinz-Maier-Leibnitz). Two different con-
figurations were used on IN3: the pyrolytic graphite PG(002)
monochromator and analyzer with fully open configuration
for the low-energy excitations and the Cu(111) monochro-
mator and PG(002) analyzer for the high-energy ones, both
working at constant wave vector k;=2.662 A~!. On PANDA,
both monochromator and analyzer PG(002) crystals were
used in the double focusing mode. A 6 cm PG filter was

placed between the sample and the analyzer operation at
fixed final wave vector k;=1.97 A~'. The curves shown in
the paper include both series of measurements.

Diffraction measurements were performed on the single-
crystal D15 diffractometer (ILL). The instrument, provided
with a closed-cycle cryostat, was used in the four-circle con-

figuration at a wavelength of 1.173 A. The nuclear and mag-
netic structures of the austenitic phase were studied at 300 K.
The evolution of the precursor phase was monitored by car-
rying out g scans around several Bragg reflections along

[££0] direction at 5 K intervals between 320 and 160 K (al-
ways above T,,). At high temperature (320 K) the reflections
observed were just those characteristic of the cubic Heusler
structure (a=5.7495). On cooling, some small additional re-
flections appeared which could be indexed as g * &, where g
is a reciprocal-lattice vector of the fcc lattice and
E~(1/3 1/3 0).

Differential scanning calorimetry (DSC) measurements at
a heating/cooling rate of 10 K/min were carried out in a TA
Q100 DSC to study the temperature-induced transformation.
A Quantum Design MPMS XL-7 superconducting quantum
interference device (SQUID) magnetometer?! was used to
measure the temperature dependence of the dc magnetization
under different constant applied magnetic fields. The ac mag-
netic susceptibility was also experimentally detected under
an exciting field amplitude H,.=3.5 Oe at a frequency
f=20 Hz.

III. RESULTS AND DISCUSSION

Since a nonstoichiometric alloy was used in the present
study, a previous accurate crystallographic characterization
of the simplest high-temperature austenitic phase was per-
formed. Single crystal neutron diffraction was carried out in
order to determine the occupancy factors of the different
atomic positions corresponding to the austenitic L2; cubic
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FIG. 3. Temperature dependence of the TA, phonon branch
along the [110] direction of the L2, phase.

phase. The excess of Ni and Ga atoms redistribute in the Fe
(000) positions. Table I summarizes the refined structural and
magnetic parameters at 300 K. The magnetic response of the
alloy is displayed in Fig. 1(a), where the temperature depen-
dence of the real component of the magnetic susceptibility
(x) during a cooling-heating cycle is shown. The structural
transition is accompanied, on cooling, by a decrease in the
real susceptibility (and the corresponding increase on heat-
ing, see also the hysteretic behavior), which should be inter-
preted as a consequence of the lower magnetocrystalline an-
isotropy of the austenite phase as compared to the
martensite. At higher temperatures, in austenite phase, the
ferromagnetic transition occurs at 7,.=362 K, which means
that the MT occurs between ferromagnetic phases. A small
and broad dip at higher temperatures between 185 and 295 K
previous to the MT can also be appreciated in the suscepti-
bility curve (see inset in Fig. 1). A similar behavior was
observed in Ni-Mn-Ga alloys where the static modulation
that appears previous to the MT has associated a drop in the
susceptibility.?> For these alloys, it was proposed that the
modulated structure related to the soft 1/3[110]TA,-phonon
mode?? above the MT temperature may interact with the mi-
cromagnetic configurations already existing in the parent
phase!3?*23 below T, and produce this characteristic behav-
ior of the susceptibility. Nevertheless in the Ni-Fe-Ga system
the anomaly in the magnetic susceptibility is much less well
defined.

On the other side, Fig. 1(b) shows the DSC measurements
performed on cooling and heating showing an exothermic
peak at 7,,=146 K corresponding to the forward MT and an
endothermic one related to the reverse MT at 7, =159 K.
Different types of martensitic phases appear and coexist in
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Ni-Fe-Ga alloys with similar compositions'®2° and this
could be the cause of the jerky shape of the observed peaks.
The enthalpy change in the forward transformation
(AH'=-2.1 J ¢! in absolute value) is slightly lower that
the reverse one (AH=~2.3 J g7!). Nevertheless the forward
and reverse transformation entropies are approximately the
same (—AS’~AS~14.4 Jkg ! K™!). No premartensitic ef-
fects were observed by DSC.

The vibrational behavior of the austenitic L2, phase was
analyzed through the phonon characteristics. Transversal and
longitudinal phonon-dispersion curves measured along the
high-symmetry directions [£00] and [£€0] at 300 K are
shown in Fig. 2. The TA and LA curves along the [£00]
direction do not show any anomaly. In contrast, both modes
show a minimum and a maximum, respectively, for a par-
ticular wave-number £ value along [££0]. The elastic con-
stants determined from the initial slope of the curves are
C;=163=17 GPa (LA in [&00]), C,=86%5 GPa
(TA in [£00]), C,=247=*11 GPa (LA in [£&0]), and
C'=13+2 GPa (TA, in [££0]). A striking feature of all
measured phonon-dispersion curves in Heusler transforming
shape memory alloys is the anomaly in the TA, branch along

the [110] direction with polarization in [110] direction. This
mode has a minimum at a particular wave vector & depend-
ing on the structure of the approached martensitic phase.!!
Focusing on the anomaly in the TA, branch along the
[110] direction of the L2, phase, Fig. 3 shows its temperature
dependence during cooling above the MT. The energies are
equivalent to those reported in other alloy systems.””!! Sig-
nificant phonon softening around £=0.35 is observed, result-
ing in a marked dip in the branch which becomes more pro-
nounced as the temperature decreases. In the Ni-Mn-Ga case,
the anomaly in the TA, branch was attributed to the Fermi-
surface nesting along with strong electron-phonon
coupling.?® In the current case the dip is still present at 400
K, well above the Curie temperature indicating that the pho-
non anomaly is not related to the magnetic ordering.
Previous electron-diffraction results on stoichiometric
Ni,FeGa alloys?>?’ show diffuse satellite spots emanating
from Bragg reflection along the [110] that correspond to mi-
cromodulated tweed structures. The experimental results
suggest that the maximum intensity occurs at (1/3 1/3 0)
positions. These diffuse satellites change progressively to-
ward superstructures with lowering temperature. The simul-
taneous presence of SM, 7M, and more complex superstruc-
tures in small areas was also observed below the MT
temperature. To check this point elastic neutron scattering
was performed as a function of temperature. Associated with
the anomalous dip shown in the phonon-dispersion curves

FIG. 4. (a) Temperature dependence of the
elastic scattering along [££0] direction close to
the (422) reflection. (b) Elastic scattering along

[££0] direction close to the (422) reflection mea-
sured at 160 K (A) and 300 K (O).
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FIG. 5. Squared energy of the phonon at £=0.325 as a function
of temperature.

Fig. 4(a) shows the temperature dependence of the elastic

scattering along [££0] direction near the (422) reflection. A
satellite peak develops close to £=0.33 whose intensity in-
creases during cooling. To better compare the evolution of
the satellites, Fig. 4(b) shows the elastic scattering at two
different temperatures. These results are similar to those re-
ported in Ni,MnGa alloys although the intensity of the sat-
ellites appearing in Ni-Fe-Ga is quite lower.

The soft-mode frequency decreases as the temperature de-
creases but its energy remains finite in the analyzed tempera-
ture range. In accordance with experimental results in Ni-
Mn-Ga and Ni-Al alloys, the squared energy of the phonon,
E? at £=0.325 linearly decreases with temperature when ap-
proaching the MT as shown in Fig. 5. Nevertheless, below
about 230 K the temperature dependence of the energy
sharply varies. A similar (although more pronounced)
change, leading to an anomalous increase in E* on cooling,
was observed associated to the premartensitic transition tak-
ing place on Ni-Mn-Ga.”® Therefore, the results suggest that
the incomplete phonon anomaly observed in the Ni-Fe-Ga
alloy must be linked to premartensitic phenomena. On the
other side, the Curie temperature modifies the linear behavior
of E? at high temperatures. This indicates an influence of the
magnetic coupling on the premartensitic phenomena. In fact,
as a result of the soft-mode evolution observed prior to the
MT, the lattice becomes unstable and the atoms are displaced
from their equilibrium positions. The amplitudes of the
atomic thermal vibrations are enhanced so, the harmonic ap-
proximation does not hold. Then, an increase in the anhar-
monic contribution could modify the magnetoelastic cou-
pling and change the magnetic and elastic behaviors of the
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alloy.?* In this sense, the small and broad dip found between
185 and 295 K in the susceptibility curve (see inset in Fig. 1)
can be linked to the incomplete TA, soft mode that appears
in the same temperature range. As a consequence, the vibra-
tional and magnetic properties are coupled in the stage pre-
vious to the MT.

To go deeper into the magnetic contribution (spin-phonon
coupling), allowing to compare with previous results, the
TA, branch along the [110] direction with transverse polar-
ization was analyzed in a 6 T external magnetic field perpen-
dicular to the scattering plane. Figure 6 shows the effect of
the magnetic field at 170 and 290 K. In both cases the effect
of the external magnetic field on the anomalous phonon is
negligible, thus pointing out the scarce influence of the mag-
netic field on the vibrational precursor phenomena. Never-
theless, the different saturation magnetization of austenitic
and martensitic phases hints to a probable shift in the MT
temperature as a result of the application of the field. Figure
7 shows the temperature dependence of the magnetization at
0 and 6 T. The curves were measured in a heating cycle with
the magnetic field applied along the [110] direction. In fact,
the O T curve was measured in the remnant magnetic field of
the SQUID system (around 13 Oe). The difference in mag-
netization at 6 T between the austenite and martensitic
phases was estimated to be AM=-1.2 A m? kg~! at the tran-
sition temperature 7,,. The derivative of both magnetization
curves is shown in the inset of Fig. 7 in order to check the
effect of the magnetic field in the transition temperature 7).
As shown, the magnetic field promotes a very small increase
in the transition temperature. The shift between both curves
allows to conclude that the temperature change corresponds
to dT,,/dB=70 mK T~

The shift of 7,, with the applied magnetic field B can be
evaluated on the basis of Clausius-Clapeyron equation. The
equation is expressed as

dT, __AM
dB~  AS’

where AM is the difference in magnetization between the
low-temperature martensitic phase and the high-temperature
austenitic phase in the same applied magnetic field B. AS is
the difference in entropy between both phases which
can be considered independent of the field strength in this
Ni-Fe-Ga alloys, similarly to Ni-Mn-Ga alloys.!!?® Using
the values determined in the previous results for
AM=-12 Am’kg™" and AS=14.4 JTkg ' K!, the deter-

) FIG. 6. TA, phonon branch along the [110]
1 direction measured at (a) 170 K and (b) 290 K in
i a external field H=0 T (@) and H=6 T (O).
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FIG. 7. Temperature dependence of the magnetization at 0 T
(the remnant magnetic field of the squid is around 13 Oe) and 6 T.
The magnetic field was applied along the [110] direction. The inset
shows the derivative of both magnetization curves (the sign of the
derivative at 0 T has been changed to better compare the curves).

mined value of —AM/AS=83 mK T~! agrees quite well
with the measured value of dT,,/dB.

IV. CONCLUSIONS

In summary, the TA, branch along the [110] direction of
the L2, phase shows a significant phonon softening around
£=0.35 resulting in a marked dip in the phonon branch
which becomes more pronounced as the temperature de-
creases. The squared energy of the phonon decreases linearly
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with temperature but no complete vanishing is observed on
approaching the martensitic transformation. Besides, elastic

neutron scattering along [££0] direction near to the (422)
reflection shows a satellite peak close to {§=0.33 whose in-
tensity increases during cooling down to the MT tempera-
ture. These results reveal the occurrence of premartensitic
phenomena in Ni-Fe-Ga alloys, similar to those already re-
ported in the Ni-Mn-Ga system. On the other hand, the mag-
netoelastic coupling was analyzed by determining the effect
of the magnetic field on both the martensitic transformation
and the precursor phenomena. However, no significant
magnetic-field influence was detected.
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